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Abst rac t 

This Master 's thesis presents three independent studies related to the safety of 

concrete gravity dams . 

1. Dam-Gate Hydrodynamic Interaction Study 

2. Damping Study 

3. Shea r Key Study 

The three studies are sel f -contained, presented independently in Chapters 2 - 4 

of this thesis. Work on this thesis started in winter 2002. The analytical work 

was completed in summer 2004. This thesis was written as part of the 

Professional Partnership Program with the University of British Co lumb ia and 

British Co lumbia Hydro. 

A modal analysis of a 2 D O F simplified model representing a portion of an 

existing gravity dam structure was performed. The main purposes of this study 

were to evaluate the effect of dam-gate interaction on the hydrodynamic loads 

and to evaluate the effect of varying the natural f requency of the gate. It was 

found that the modal interaction between the dam and gate structures caused 

variation in the hydrodynamic loads acting on the gate and upstream face of the 

dam. One of the recommendat ions for retrofitting the gates is to decrease the 

natural f requency of the gate to below the natural f requency of the dam. This 

essential ly increases the flexibility of the gate system and reduces the amount of 

hydrodynamic loads generated on the gate and upstream surface of the dam. 



A n analytical study to test the Hal f -Power Bandwidth method of estimating 

damping in concrete gravity dams was performed successful ly . The objectives of 

this study were to test this method of evaluating structural damping and to 

recommend a reasonable est imate of structural damping in concrete gravity 

dams. The damping va lues computed by this method were found to be much 

lower than expected (less than 2%) and therefore, unrepresentative of the 

damping that is likely bel ieved to be present in the concrete gravity dams 

analyzed in this study (approximately 5 - 10%). 

A n exploratory study involving the finite-element model ing of a shear key system 

was performed. The stress patterns that developed in the finite element model 

under appl ied horizontal load were similar to those exhibited in the early s tages 

of the cracking sequence presented by Bakhoum (1991). In order to model the 

later s tages of the cracking sequence , it would be necessary to implement non

linear material models that are capable of model ing loading beyond the linear 

range to failure. 
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Chapter 1 Introduction 

Chapte r 1 

Introduction 

1.0 I N T R O D U C T I O N 

Concrete gravity dams are a key component of hydroelectric generat ion sys tems. 

In areas prone to se ismic activity, the structural stability of these dams is of great 

importance to the population at risk in potential inundation zones downstream of 

the structure and to the consumers of the energy generated by the system 

instability during or following a major earthquake could potentially lead to the 

discharge of the reservoir, resulting in mass f looding in the downstream area and 

beyond. 

This thesis presents three independent studies regarding the safety of dam 

structures. 

• Chapter 2: Dam-Gate Hydrodynamic Interaction Study 

• Chapter 3: Damping Study 

• Chapter 4: Shea r key Study 

These three studies are self-contained, each having its own objectives and scope 

of work, main body, conc lus ions and recommendat ions. 

1.1 T H E D A M S A F E T Y S T U D I E S 

The three studies presented in this thesis relate to different aspects of dam 

safety. The Dam-Gate Hydrodynamic Interaction Study focuses on the effects of 

1 



Chapter 1 Introduction 

varying gate stiffness on the hydrodynamic loads generated in dam structures 

during earthquakes. The Damping Study focuses on the structural damping, or 

the ability of a structure to dissipate energy, during an earthquake. The Shea r 

Key Study focuses on shear forces generated along the interfaces between dam 

monoliths during an earthquake. 

The dam-gate hydrodynamic study and the shear key study were case studies 

appl ied to the Rusk in D a m . The damping study was more general but intended to 

provide guidance in the analysis of structures similar to Rusk in Dam. 

1.1.1 Dam-Ga te Hydrodynamic Interaction Study 

During an earthquake, there are two primary sources of added stress to the 

upstream face of concrete dams: 

1. Accelerat ion of the m a s s of the dam 

2. Change in water pressure 

The accelerat ion of the mass of the dam is the standard inertia load, which is 

generated with or without the presence of a reservoir. The change in water 

pressure is the driving force behind hydrodynamic loads, which are generated 

when an external force transfers pressure waves from a body of water to an 

adjacent structure. In dam structures, the hydrodynamic loads are pressures on 

the upstream surface of the dam; ie. the surface in direct contact with the 

reservoir. These loads contribute significantly to the overall set of external forces 

acting towards failure of the dam and d ischarge of the reservoir. 

2 



Chapter 1 Introduction 

In current engineering practice, two methods are commonly used to estimate the 

hydrodynamic loads in dam structures - the Zangar method [16] and the 

Westergaard method [15]. In a paper by Ko lkman [12], the author presents a 

method of formulating hydrodynamic loads by means of a finite difference matrix, 

by which the hydrodynamic loads are calculated based on the level of excitation 

along the upstream surface of the dam. In spil lway dam structures, the gates are 

submerged and general ly respond at natural f requencies different from those of 

the dam. Accord ing to Ko lkman, this results in a different hydrodynamic load 

distribution along the gate structures. A study was undertaken to test the effects 

of this dam-gate interaction on the formulation of hydrodynamic loads. 

This study is presented in Chapter 2 of this thesis, and is titled, "Dam-Gate 

Hydrodynamic Interaction Study". This study presents a new method of 

formulating the hydrodynamic loads generated on spil lway gates, based on the 

modal interaction of the dam-gate sys tem. 

1.1.2 Damping Study 

Structural damping in concrete gravity d a m s refers to the amount of energy the 

dam is capable of dissipating prior to exper iencing damage . Var ious approaches 

have been taken to estimate a reasonable level of structural damping in concrete 

gravity dam structures. These damping va lues ranged from as low as 2 % to as 

high as 20%. A study was undertaken to test the Hal f -Power Bandwidth Method 

of estimating damping in structures, given the time history response records from 

various concrete gravity dams in North Amer i ca and J a p a n . 

3 



Chapter 1 Introduction 

This study is entitled, "Damping Study", and is presented in Chapter 3 of this 

thesis. 

1.1.3 Shear Key Study 

In general , concrete monolith dams consist of several monoliths al igned in a row. 

Shea r keys are located at the interfaces between monolith blocks to prevent the 

blocks from displacing past one another. In a load sharing study, conducted by 

the author in collaboration with engineers in the Dam Safety sect ion of B C Hydro 

in summer 2002, a finite element analysis of Rusk in Dam was performed to 

determine the amount of shear stress between dam blocks. It was found that 

excitation of the dam at the Design Bas is Earthquake (DBE) level generated 

significant s t resses at the interfaces between dam blocks; the maximum st resses 

were generated near the abutments, where the effective area of the shear keys is 

minimal. A s such , an exploratory study was undertaken to investigate the failure 

mechan ism of the shear keys. 

This study is entitled, "Shear Key Study", and is presented in Chapter 4 of this 

thesis. This study presents an investigation into the failure mechan ism of shear 

keys and the process of model ing the shear keys using finite element software. 

1.2 T H E R U S K I N D A M 

The primary dam considered in these studies is the Rusk in Dam, a concrete 

gravity dam constructed from 1929-1930 in a region of relatively high seismici ty 

in British Co lumbia . The upstream face of the dam is vertical and the 

4 



Chapter 1 Introduction 

downstream face has approximately a 2:3 incline. The dam is approximately 

58m tall and 125m wide at the crest. There are seven spi l lways, each housing 

steel radial gates approximately 10m (33ft) wide. The gates are anchored to 8 

concrete piers approximately 2.1m (7ft) wide. There is reinforced concrete 

roadway deck spanning the crest atop the spi l lways. 

The maximum water level of the reservoir is approximately 49m above the base; 

7.9m above the ogee crest. Al though the water level exper iences seasona l 

variation, the maximum water level was selected as the worst-case scenar io. 

The Design Bas is Earthquake (DBE) at the dam site at the time of this study has 

a peak ground accelerat ion of 0.22 g and a peak spectral accelerat ion of 0.54g. 

Figure 1-1 shows an aerial v iew photograph of the downstream side of the 

Rusk in Dam. Figure 1-2 shows an elevation view schemat ic of the upstream 

surface. Figure 1-3 shows a typical c ross sect ion near the center of the dam. 

1.3 O B J E C T I V E S 

The main objectives of the studies presented in this thesis are: 

Dam-Gate Hydrodynamic Interaction Study: 

1. to evaluate the effect of dam-gate interaction on the hydrodynamic loads 

2. to evaluate the effect of varying the natural f requency of the gate 

Damping Study: 

5 



Chapter 1 Introduction 

1. to test an analytical method of estimating damping, given ground motion 

time history records for two sensor locations (base and remote) on various 

concrete gravity dam structures 

2. to use the results from these tests to recommend a reasonable est imate 

for damping of concrete gravity dam structures 

S h e a r Key Study: 

1. to investigate the process of model ing and testing the shear keys using 

the L S - D Y N A finite element software [S1] 

2. to identify the load path, stress concentrat ions, and failure patterns in the 

shear keys under monotonic, cycl ic, and se ismic loading. 

1.4 S C O P E O F W O R K 

In order to achieve the abovement ioned goals, the following tasks were carried 

out: 

Dam-Gate Hydrodynamic Interaction Study: 

1. two c lass ica l methods of formulating hydrodynamic loads on dam 

structures (Westergaard, Zangar) were reviewed to provide a basis for 

compar ison. 

2. a procedure based on the Kolkman Method, which incorporates dam-gate 

interaction was used to formulate hydrodynamic loads. 

3. a case study of Rusk in Dam was performed. This involved creating a 

simplif ied 2-degree-of- freedom model , which was used to perform a modal 

6 



Chapter 1 Introduction 

analysis by which the hydrodynamic loads were calculated. 

Damping Study: 

1. A n extensive numerical analysis was performed on time history records 

from the dams listed in Sect ion 3.1 to produce Frequency R e s p o n s e 

Funct ion plots. 

2. The Hal f -Power Bandwidth Method was used to approximate the structural 

damping at each peak in the F R F plots. 

S h e a r Key Study: 

1. The L S - D Y N A software program [S1] was used to generate a ser ies of 

finite element models . 

2. A sensitivity analys is was performed to refine the shear key model , testing 

various parameters including geometry, contact e lements, and material 

models. 

3. The finite element models were subjected to monotonic loading in order to 

identify the load path, stress concentrat ions, and failure patterns in the 

shear keys. 

7 
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FIGURE 1-2: Ruskin Dam: Upstream View 
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FIGURE 1-3: Ruskin Dam: Cross Section 
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Chapter 2 Dam-Gate Hydrodynamic Interaction Study 

Chapte r 2 

Dam-Gate H y d r o d y n a m i c Interaction S t u d y 

2.0 I N T R O D U C T I O N 

There are two primary sources of added stress to the upstream face of concrete 

dams during an earthquake: 

1. Accelerat ion of the mass of the dam 

2. C h a n g e s in water pressure 

Hydrodynamic loads are forces induced on a structure at an interface with a body 

of water, when an external force forces the structure to oscil late against the 

inertial force of the water body. In dam structures, the hydrodynamic pressures 

act predominantly on the upstream surface of the dam; ie. the surface in direct 

contact with the reservoir. These loads contribute significantly to the overall set 

of external forces acting on dam structures. O n structures such as gates, 

hydrodynamic loads may dominate the se ismic loading. 

In the current state of practice, hydrodynamic loads on dam structures are 

usually calculated using one of two general methods: one presented by 

Westergaard [15]; the other by Zangar [16]. However, both of these methods 

approximate hydrodynamic loads for the "rigid body" case , and do not take into 

account the flexibility of the structure. In a paper by P.A. Ko lkman [12] entitled, 

"A S imple S c h e m e for Calculat ing the Added M a s s of Hydraul ic Ga tes " , the 

11 



Chapter 2 Dam-Gate Hydrodynamic Interaction Study 

author presents a simple spreadsheet solution to the hydrodynamic loads on a 

flexible body. Simi lar to Westergaard and Zangar , this method is based on an 

incompressib le fluid subjected to vibrations. 

Using the Ko lkman method as a basis for calculat ing hydrodynamic pressures, 

the study a ims to evaluate the contribution of flexible spil lway gates to the load 

exper ienced by the gates and the structure. In a case study of Rusk in D a m , a 

simplif ied two degree-of- f reedom model was used to analyze this dam-gate 

interaction and to obtain hydrodynamic pressures for the entire upstream face of 

the dam. 

12 



Chapter 2 Dam-Gate Hydrodynamic Interaction Study 

2.1 B A C K G R O U N D I N F O R M A T I O N 

Including the method presented by Ko lkman, there were three methods 

considered for the calculat ion of hydrodynamic loads on dam structures: 

1. The Zangar Method 

2. The Westergaard Method 

3. The Kolkman Method 

2.1.1 The Westergaard Method 

In the paper by Westergaard titled, "Water P ressures on Dams During 

Ear thquakes" [15], the author presents two methods for calculating hydrodynamic 

pressures on the vertical upstream surfaces of concrete dams. The first formula, 

which consists of a ser ies of sine functions, so lves the differential equation for 

unit rigid body accelerat ion of a rigid dam structure with a vertical dam-reservoir 

interface. The second is a parabol ic simplif ication of the first formula. 

The Westergaard formulation of hydrodynamic loads begins with the equat ions of 

motion of water. These equat ions are based on the theory of elasticity of sol ids 

without shear s t resses for e lements of volume dxdydz. For the formulations 

outlined below, x is the motion in the upstream-downstream direction, y is the 

motion in the vertical direction, and z is the motion in the cross-val ley (parallel to 

dam surface) direction. 

S ince the formulation a s s u m e s planar motions parallel to the xy plane, the 

13 
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calculations relating the dz dimension are neglected. Starting with the basic 

finite-element equations of 2-D motion of the solid described above: 

da wd% 

gdt2 
{2-la) 

* (2-1*) 
dy g dt2 

Where £, and r| are the displacements of a particle of the water element in the x 

and y directions, respectively, and a is the stress induced in the water by the 

dynamic response. The resulting volumetric strain, e , and stress, a , are given 

by: 

e = f U f l (2-2*) 
ox dy 

a =k\ 
d^+dn 
dx dy 

{2-2b) 

Where k is the bulk modulus of water. These equations hold true for relatively 

small vibratory motions induced by earthquake ground motion. For the case of 

both horizontal and vertical motions acting on the water, a solution is desired that 

satisfies the above equations and the following boundary conditions. 

a = 0, when y = 0 

T| = 0, when y = h 

agT2 2nt 
, cos — 

4n2 T 
P = —^-—cos , when x = 0 

l ima = 0 

14 
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Westergaard presents the following solution for £, and r|, given the criteria above 

and assuming the dam has a simple harmonic response to the earthquake with 

period T and magnitude of accelerat ion ag: 

c ^ - ^ c o s ^ f I e - s i n ^ ( 2 - 3 a ) 
7t2 T , . f t n 2h V ' 

T, = - ^ l c o s ^ f —e-*" c o s ^ (2-3b) 
n T , j^1 ncn 2h 

Where : 

, \6wh2 

c„ = , 1 
n2gkT2 

nncx 
2h 

The resulting solution for the stress in the water, a , is given by: 

Sawh 2nt -A 1 _„ . nny „~, 
a = - c o s — X — e sm-f- ( 2 - 4 ) 

Tt T iXs...n cn 2h 

The hydrodynamic pressures, p, are derived from the stress equation for the 

t imes of peak response, t = 0,T,2T,... 

Sawh v-i 1 . nny , r^ 

K ,5X. n c

n 2h 

By inspection the maximum pressure, p0, occurs at the bottom of the reservoir, 

where y = h . 
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Po = 
Sawh 

1 (2-6) 
1,3,5... n c, 

Since this formula is dependent on there being a simple harmonic excitation of 

period, T, Westergaard presented a simpler formula for the hydrodynamic 

pressure distribution based on the shape of the first equation. This formula 

represents the hydrodynamic load as an added mass that is subjected to the 

earthquake accelerat ion. 

Where C is a variable that remains fairly constant around the 0.027 ton/ft 2 range. 

Westergaard calculated C as 0.026 ton/ft 2 for dams of height less than 310 ft 

and 0.028 ton/ft 2 for dams of height greater than 540 ft. G iven this, the th ickness 

of the body of water considered to move with the dam during the earthquake, b , 

is given by the following formula: 

This formula can be used to calculate an approximate distribution of 

hydrodynamic added m a s s e s along the height of the dam, y , given the total 

height of the water level, h. 

( 2 - 7 ) 

( 2 - 8 ) 
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2.1.2 The Zangar Method 

In the paper by Zangar titled, "Hydrodynamic Pressures on Dams Due to 

Horizontal Ear thquake Effects" [16], the author presents a method for calculating 

hydrodynamic pressures on dam structures with upstream surfaces of varying 

s lope. The hydrodynamic pressures for a dam structure with a vertical upstream 

surface is evaluated by the following equat ion: 

P{y) = hawC (2 - 9) 

Where h is the vertical d istance from the water level to the dam base, a is the 

peak ground accelerat ion in g's, and w is the density of water (62 Alb I ft3). The 

Zangar coefficient, C , is given by the following equat ion: 

Where y is the vertical d istance from the water level to the location on the dam 

surface and the shape constant Cm =0.735 for a vertical upstream dam surface. 

It is common practice to use the Zangar added m a s s e s in a dynamic analys is 

resulting in hydrodynamic pressures that are similar to those determined by 

scal ing the Zangar hydrodynamic pressures by amplif ication factors. The 

amplif ication factors relate the peak accelerat ion of a point on the surface of the 

dam structure to the free-field peak ground accelerat ion. By combining formulae 

2-9 and 2-10, an approximate distribution of hydrodynamic added m a s s e s along 

(2 -10) 
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the height of the dam, y, can be calculated, given the total height of the water 

level, h. 

2.1.3 The Ko lkman Method 

The method presented by Ko lkman [12] is s imple because it employs an iterative 

relaxation method to solve the differential equation for the potential function of 

the vibration of a fluid. Simplif ied formulas result by using a square grid of finite 

difference points. The intended use of the Ko lkman method is to calculate added 

m a s s e s based on the division of the calculated pressures by the accelerat ions of 

the moving boundary; in this case , this boundary is the dam-reservoir interface. 

However, s ince it is desired to determine the hydrodynamic pressures rather than 

added m a s s e s , the Kolkman method was slightly modified to achieve these 

results. 

The Kolkman procedure is as fol lows: 

1. Establ ish a grid with square elements (20 x 28 = 51m x 71m) 

2. Create a spreadsheet with a grid of cel ls containing the value of the fluid 

potential, O . Input formulae as per Ko lkman in each cell to calculate the fluid 

potential according to the va lues contained in neighboring cel ls. 

Interior Ce l ls : 

j) = +1, j) + 4>(/ - 1 , j) + <&(/, j +1) + <&(*, j-l))/4 (2 - 1 la) 
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Dam Interface: 

0 ( l , y ) = (0(l ,7 + l) + 0 ( l , 7 - l ) + 0(2,7) + ^(y))/3 (2-116) 

Foundat ion Interface: 

0>(/,l) = (<p(z -1,1) + 0(z +1,1) + 0(f,2))/3 (2 -1 lc) 

Reservoi r Sur face: 

0 ( l , n) = (<&(/ -l,n) + <D(/ +1, n)+ 0 ( / , « -1))/5 (2 -1 Id) 

Reservoi r Vert ical : 

&{m, j) = (<D(/H,y +1) + 0(/w,7 -1 ) + 0 ( m -1,y))/5 (2 -1 le) 

Dam-Foundat ion Corner: 

0(1,1) = (0(1,2) + 0(2,1) + K(l))/2 (2 - 1 1 / ) 

Dam-Sur face Corner: 

<p(l, n) = (0(1, n -1) + 0 (2 , n) + V{n))/4 ( 2 -1 l g ) 

Foundat ion-Reservoi r Vert ical Corner: 

0(w, l ) = (0(m -1,1) + 0(m,2))/4 (2 -11/z) 

Sur face-Reservo i r Vert ical Corner : 

0 ( w , « ) = ( 0 ( w - l , n ) + 0 ( w , n - l ) ) / 6 (2 — 11/) 

N B : It is necessary to change the calculat ion style of the spreadsheet from 

"iterative" to "manual " to prevent circular references. It is a lso necessary to 

provide a suitable convergence criterion for the iteration process. 

3. Define the velocity at the dam-reservoir interface, V(j), and lump its va lues 

at the cel ls along the selected boundary. 
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4. Iterate on the above formulae until convergence is met. 

5. Evaluate the hydrodynamic pressures at the upstream surface from the 

fluid potentials obtained. 

In the case of earthquake excitation of a dam structure, step 3 in this process is 

compl icated by the fact that many vibration modes contribute to the overall 

response and hence should be cons idered. In addition to the vibration modes, 

the rigid body mode, arising from the variable transformation and representing 

the earthquake motion of the base, needs to be cons idered. In this study, only 

one dam mode is considered in addition to the rigid body mode to estimate the 

envelope of the absolute accelerat ions. Therefore, it is necessary to modify the 

method presented by Ko lkman in order to accommodate the analysis criteria for 

Rusk in Dam. 

2.1.4 Modif ied Ko lkman Method 

During a work internship at B C Hydro in summer 2003, the author incorporated 

modif ications to the Ko lkman method to al low for estimation of the hydrodynamic 

pressures given input accelerat ions. The following example will demonstrate that 

it is possible to apply such modif ications to the Ko lkman method without 

compromis ing the integrity of the results. 
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Example: Dam-Surface Corner 

Given the continuity equation for the 

Kolkman grid: 

^ Aq = Aq L +Aqu +AqR+AqD = 0 

Dam-Surface corner element in the 

(2-12a) 

where: 

AqL = VLAL — 20 

Aqv =-20 
AqR = 0 R - 0 

(2-126) 

It follows that: 

^ ^ ^ • ^ ( 2 - 1 2 c ) 

Multiplying both sides by /cop yields: 

.^=mPV(y)AL + iM^R^D) { 2 _ n d ) 

Since the pressure, P = /copO, and the input acceleration, A(y) = i&v(y), this 

expression simplifies further to: 

p(y)=PA(y)AL + P,+PD { 2 _ n e ) 

The pressures for the remaining elements in the Kolkman grid are formulated in a 
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similar manner. S ince the pressures are independent of the f requency term, /GO , 

it is possible to interpret the fluid potential functions O directly as pressures P, 

provided the input accelerat ions are used in place of the input velocit ies. 

Modal combinat ions of pressures are obtained by applying modal combinat ion 

techniques on the above pressure distributions. However, the resulting 

pressures may not be reliable, as they represent envelope va lues that do not 

necessar i ly occur simultaneously. The pressures used in the modified Ko lkman 

method were obtained using the Square Root S u m of Squares ( S R S S ) 

combinat ion of the modal accelerat ions. 

XSRSS = SRSS[xg, c.cpj (/?), c2<$>2 {h\...\ (2 -13) 

where Jc is the peak ground accelerat ion, or rigid-body mode accelerat ion, 

c , , c 2 , . . . represent modal combinat ion factors and (j>,,(|>2,... represent the mode 

shapes in the relative coordinate system. E a c h mode is assoc ia ted with a 

response frequency, / G o , , / a > 2 , . . . and the earthquake motion is a lso assoc ia ted 

with a characterist ic f requency m . For each mode, the input velocity at the 

dam-reservoir interface is defined by the following set of equat ions: 

Vi(A) = c1<(),(/i)/ia)1 (2 -14) 
v 2 (h) = c2$2(h)/i(£>2 

where the velocit ies are proportional to the potential functions. The potential 
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functions are solved individually and the pressures are extracted by taking the 

first derivative with respect to time, such that: 

p0{h)=pi(dg®0{x = 0,h) 

Pl(h)=piG)l0l(x = O,h) (2 -15) 
p2{h)= pz'co2<P2(x = 0,h) 

By inspect ion, the frequency terms cancel out, making it possible to interpret the 

fluid potential functions directly as pressures if accelerat ion components are used 

instead of velocit ies. A similar effect can be obtained by setting co = 1 for all 

modes. 

2.1.5 Zangar -Ko lkman Compar ison 

During a work internship at B C Hydro in summer 2003, the author performed a 

complementary study to compare the hydrodynamic pressures of the modified 

Ko lkman Method to the Zangar Method. The purpose of this study was to 

provide supporting ev idence that the Ko lkman Method yields similar results to 

those of the Zangar Method. Both the Ko lkman and Zangar pressures were 

calculated along a vertical dam-reservoir interface for the rigid body mode. 

Figure 2-1 shows the hydrodynamic pressure distributions for Zangar, Ko lkman 

with a 70m long reservoir, and Kolkman with a 140m long reservoir. 

By inspect ion, the shape of the Ko lkman pressure distribution corresponds to that 

of the Zangar pressure distribution. By doubl ing the length of the reservoir, the 
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Kolkman pressures were found to asymptotical ly approach the Zangar pressures. 

However, the difference between the 70m reservoir and the 140m reservoir was 

found to be negligible (less than 2%), suggest ing that for large reservoir lengths, 

the hydrodynamic pressures have relatively low sensitivity to variation of the 

length parameter. Converse ly , for shorter reservoir lengths, the hydrodynamic 

pressures will be lower, with a higher sensitivity to the reservoir length. 
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2.2 METHODOLOGY 

The first part of this study involved creating a simplified two degree-of-freedom 

model to represent the dam-gate system of Ruskin Dam. 

The next step was to formulate the equations of motion of this 2-DOF system, 

using principles of energy conservation. 

The next step was to perform a modal analysis on the 2-DOF model. 

1. Formulate the composite mass matrix, [m*] 

2. Formulate the stiffness matrix, [k] 

3. Determine the eigenvectors, X, and X2, by solving the characteristic 

equation, d e t [ [ * ] - [A j/ w * ] ] = 0 

4. Calculate the modal participation factors, r , and T2 

5. Determine the spectral accelerations, SA} and SA2 from the Uniform 

Hazard Response Spectrum. It was first necessary to adjust the UHRS 

from the absolute frame of reference to the relative frame of reference. 

6. Calculate the modal accelerations, A{ and A2 

7. Combine the modal accelerations to obtain the absolute acceleration of 

the dam-reservoir interface. 

8. Using the absolute acceleration of the dam-reservoir interface, apply the 

Kolkman Method to calculate the hydrodynamic loads. 
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2.2.1 2 - D O F Model 

To take the calculation of hydrodynamic pressures one step further, the gate 

flexibility was also cons idered. To do so, a simplif ied two degree-of- f reedom 

model was created as an approximate representation of how the dam-gate 

system will respond to an earthquake excitation. The conceptual model , shown 

in Figure 2-2, included two degrees of f reedom, one representing the response of 

the dam and one representing the response of the gate. The degree of f reedom 

assoc ia ted with the dam response was assumed to have a mode shape 

consistent with that suggested by Chop ra and Tan [5] for lower spil lway 

structures, exhibited in Figure 2-3. For simplicity, it was assumed that the gate 

degree of f reedom was connected to the top of the dam structure. E a c h gate of 

Rusk in Dam was modeled separately, to account for varying se ismic parameters 

(ie. se ismic amplification) and dam geometry (ie. height of the dam section). 

Initial est imates of gate pressures computed by super imposing the expected gate 

deformations over the response of the dam indicated that pressures higher than 

amplif ied Zangar pressures were possible with realistic gate deflection levels. 

However, this assumed superposit ion is an unrealistic assessmen t as it neglects 

the interaction between the dam and gate structures. Due to the potential high 

cost of retrofit to the gates and possible need for additional pier retrofit, it was 

appropriate to examine the nature of this dam-gate interaction. With this 

understanding, it was then possible to provide more realistic gate loads for the 

assessmen t of the gate structures. 
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A s the current investigation into the se ismic withstand capacity of the gates was 

at a conceptual level, it was decided that a sophist icated analysis was not 

necessary . A s such , the 2 -DOF model presented in this sect ion is the simplest 

possible model necessary to evaluate the dam-gate interaction. This model was 

complex enough to represent the response of the dam and gate, but simple 

enough to be implemented in a spreadsheet . During this preliminary design 

phase of the study, it was recognized that the need for refining the dam-gate 

interaction study with more sophist icated analys is techniques would be 

reassessed if the results from the simplified analys is indicate sufficient benefit for 

doing so . 

2.2.1.1 Assumpt ions 

For this entire study, a 10% damping value was a s s u m e d . The spectral 

accelerat ions used in the analysis were extracted from a Uniform Hazard 

R e s p o n s e Spect ra for the case of 10% damping and .1/10000 annual 

exceedence f requency (AEF) . However, this U H R S was in the absolute frame of 

reference, and therefore engineering judgment was used to transform the 

spectral accelerat ion curves to the absolute frame of reference; this will be 

d iscussed later in this sect ion. The first mode shape recommended by Chopra 

and Tan [5] for low dam structures was used to represent the deflected shape of 

the dam structure. The two degrees of f reedom were represented as general ized 

lumped m a s s e s , based on formulae presented by Fenves and Chopra [7]. These 

general ized m a s s e s were dependent on the Chopra mode shape, and the 
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formulae will be presented later in this sect ion. 

The Kolkman Method a s s u m e s the water is an incompressib le fluid. It is well 

known that i ssues pertaining to compressibi l i ty of the water inf luence the 

hydrodynamic loads on dam structures. 

It is assumed that each dam-gate sect ion analyzed in this chapter has the same 

natural f requency of the entire dam, 7.1Hz, which was computed from a finite-

element analysis. 

2.2.2 Formulat ion of the Equat ions of Motion 

In order to determine the mass and stiffness matr ices to be used in the modal 

analys is, it was first necessary to formulate the equat ions of motion. Assuming 

that the total energy of the system consists of potential and kinetic energy, the 

equation of motion was formulated by computing partial derivatives of these 

quantit ies. Figure 2-2 shows the simplified dam model and the locations of the 

referenced degrees of f reedom. 

2.2.2.1 Boundary Condi t ions 

The first step in formulating the equat ions of motion is to establ ish a set of 

boundary condit ions by which the model is governed: 

u 

u 

u 

s {t) = ud{H,i) + ug{t) 

•„ (o,/) = o 

, ( # , 0 = ( w , ( # k o ( 0 

(2 -16 ) 
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where u (t) is the response of the gate degree of f reedom relative to the dam at 

height H and time t, ug (t) is the absolute response of the gate degree of 

freedom at time t, ud(z,t) is the absolute response of the dam degree of 

f reedom at height z(elevation above ground) and time t, ud0(t) is the 

displacement response of the general ized dam variable at time t, a is the 

geometr ic amplif ication factor relating the spectral accelerat ion to the modal 

accelerat ion determined in a previous 3-D finite-element modal analys is, and 

v|/,(z) is the Chopra mode shape at height z . 

Further simplification of these boundary condit ions leads to: 

(') = "«/o('Wi( f f)+««W 
ud{z,t) = ud0{t)m\fl{z) 

2.2.2.2 Geometr ic Amplif ication 

The geometr ic amplif ication factor, a , is shown in Figure 2-2 as the ratio of the 

displacement of the general ized dam mass and the displacement at the top of 

the structure where the gate is connected. This geometr ic amplif ication factor 

was computed as the ratio of the spectral accelerat ion at the dam frequency (7.1 

Hz) to the accelerat ion extracted from the 3-D finite element modal analys is . 

S ince the spectral accelerat ion is combined with the rigid body mode 

accelerat ion, it is necessary to remove the rigid body mode component of the 

spectral accelerat ion from the formulation of a . 
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a = » V ( 2 _ 1 8 ) 

SA 

where AF is the modal amplif ication factor, ARBM is the rigid body mode 

accelerat ion, and SA is the spectral accelerat ion. 

2.2.2.3 Derivation of the Equat ions of Motion using Energy Methods 

In order to formulate the equat ions of motion for this 2 D O F sys tem, the first step 

is to solve the energy equation of the sys tem. A prior assumpt ion to this was that 

all the energy in the system is in the form of kinetic or potential energy. 

The Kinetic Energy equation of the sys tem: 

Ht 1 1 ' 

0 1 l 

\ H 1 
T=-\md {z)[ud0 (f ) xy , ( z f dz + - mg [ud0 (f )x\|/ x{H) + ug {t)} (2 -19 ) 

2 0 

The Potential Energy equation of the sys tem: 

0 

V=\]kd {z)[udQ (r)av)/, (z)]2 dz + ±kgug {tf (2 - 20) 

2.2.2.4 General izat ion of Parameters 

One critical assumpt ion in this study is that the dam degree of f reedom behaves 
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like a general ized S D O F sys tem, with distributed mass and stiffness. For the 

case of an infinitely rigid and rigidly attached gate, the dam-gate system 

essential ly behaves like a general ized S D O F sys tem. Accord ing to Chopra and 

Tan [5], given an assumed shape function, structures with distributed mass and 

stiffness can be simplified to a S D O F system with general ized mass and stiffness 

that are lumped at the location of the general ized response variable. In the case 

of this 2 D O F model , that general ized response variable is located at the dam's 

geometr ic centroid, which varies depending on which gate is being ana lyzed . 

In this study, the assumed shape function is that suggested by Chop ra and Tan 

with regards to low spi l lway structures (less than 91m in total height, including 

monolith and piers). The general ized m a s s and stiffness are as fol lows: 

™ = \™A zhA z)\ d z  ( 2 - 2 la) 

k=)EId{z\Vl (z)J dz (2-216) 

Table 2-1 summar izes the total and general ized m a s s e s for the dam degree-of-

f reedom of each dam-gate sect ion. In genera l , the general ized m a s s is less than 

the total mass , due to the tv|/,(z)]2 term in the integration, which ampli f ies the 

effective mass at the top of the structure while practically eliminating the mass at 

the base. For the internal gate sect ions, the effective mass at the top of the 

structure (pier and deck) is amplif ied by up to 7 t imes (pier and deck at Gate 4, 

691 tonnes amplif ied to 5026 tonnes). 
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TABLE 2-1: Summary of Total Mass and Generalized Mass 

Summary of Total Mass and Generalized Mass for 40-ft Gate + Pier Sections 
Gate 1 Gate 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 

Dam Total Mass 1903.2 4587.9 17815.7 23405.4 23405.4 21809.1 9508.8 
Dam Generalized Mass 47.1 507.0 6914.7 14617.0 13593.4 6975.7 1151.2 

2.5% 11.1% 38.8% 62.5% 58.1% 32.0% 12.1% 
Pier + Deck Total Mass 691.4 691.4 691.4 691.4 691.4 691.4 691.4 
Pier + Deck Generalized Mass 615.5 1404.4 3289.2 5026.3 4674.4 2160.6 1154.1 

89.0% 203.1% 475.7% 726.9% 676.0% 312.5% 166.9% 
Total Total Mass 2594.6 5279.3 18507.1 24096.9 24096.9 22500.5 10200.2 
Total Generalized Mass 662.6 1911.4 10203.8 19643.3 18267.8 9136.2 2305.3 

25.5% 36.2% 55.1% 81.5% 75.8% 40.6% 22.6% 

*AII mass units in tonnes 
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2.2.2.5 Equat ions of Motion 

For simplicity, damping terms were neglected, and the equation of motion of the 

model was formulated by taking partial integrals of the energy terms: 

d_ 

dt 

dT dT 

dudQ du., + 
dV dv 

+ -du. = [m\ii] + [k][u] = -M[lK - Fexl 

m2\ m22j\ 

V O 

L"8 

+ 
k k 

1 ^̂ 22 

V o (2 - 22) 

Where the m a s s matrix term m.. is the effective mass at degree of f reedom j for 

a unit d isp lacement of degree of f reedom / , and the genera ls t i f fness term kij is 

the effective stiffness at degree of f reedom j for a unit d isp lacement of degree of 

f reedom / . On the right side of the equat ion, the Lk term is the modal expans ion 

factor for degree of f reedom k and the Fexl term is the sum of the external forces 

acting on the sys tem. The partial derivatives are expanded as fol lows: 

d dT 
dt diirln 

'« 2 "rfo \ m d i z h i (z)f d z = a2mdud0 

d dT 
——- = m u 
dt du„ 8 8 

dV 
du 

dV 

tl 

= a2ud0^kd{z)yi{z)]2dz + kg(ug -aud0\-a) = a% *ud0+kg{ug -aud0\-a) 
0 

k (u -aud0) 

Where the kd * denotes a variation in the general ized stiffness. In the modal 

analys is, this parameter is calibrated by setting the dam frequency based on the 
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3-D modal analys is results (7.1 Hz). This leads to the equation of motion for the 

2 D O F model : 

a2md 0 " 

0 m 0 
s _ s 

a2kd * Oik,. 

-akg kg 

*d0 a2 in,. 0 

m„ 
"o-Kx, (2-23a) 

or: 

[m][u]+[klu] = -[mlL)ii0-Fexl (2 - 23b) 

In this particular case , the Fexl term is critical, as it represents the hydrodynamic 

loads induced by the sys tem. The mass and stiffness matr ices have a lso been 

def ined: 

a md 0 

0 mn 

a kd * -o£g 

-akg kg 

(2 - 24a) 

(2 - 24b) 

Given the shape vectors \|/, and i | / 2 , which represent the unit virtual 

d isplacement of the dam and gate degrees of f reedom, respectively, and the 

hydrodynamic pressures, P0, Px, and P2, generated for the unit d isp lacement of 

the ground, dam D O F , and gate D O F , respectively, the external forces, Fext, can 

be calculated as fol lows: 
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( 2 - 2 5 ) 

For example, each term on the right side of the equation jPfl^i fdz is the integral 

of the forces Piui generated by a unit accelerat ion of mode / subjected to a 

virtual d isp lacement at degree of f reedom j , over the height of the dam. 

Further simplif ication of this equation yields: 

F„ 

^P^xdz jp^^dz 

jPftl2dz jp^f2dz 
+ 

jP0y\ftdz 

[\P0\\f2dz 

"rfO + 
J> 0 \ | / ,Oz 

M-̂ 2 M"g2 A . 
1̂  

(2 - 26a) 

(2 - 266) 

Herein, the hydrodynamic mass matrix, p , has been def ined: 

M-̂ /2 Hg2 

( 2 - 2 7 ) 

Subsequent ly , the total mass matrix, m*, can be expressed as a sum of the 

original mass matrix, m , and the hydrodynamic mass matrix, p.: 

a2md 0 " 
+ ~Mv, 

= 

CL2md+yidi 

0 _MV2 Vg2_ 
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Now, the equation of motion can be rewritten in its standard form: 

m *\u] + [k][u] = -[m*][L*}il ( 2 - 2 9 ) 

where: 

[m*][Z-*] = M [ L ] + solving ^ [ z * ] = [ m * T [m][L] + M-oi 

^02 
( 2 - 3 0 ) 

where L * is the new modal expansion factor for the 2 D O F model . 

2.2.3 2 D O F Modal Ana lys is 

A 2 D O F modal analys is was performed in order to calculate the modal 

accelerat ions of the general ized response var iables. The first step in this 

iterative procedure was to calibrate the model to the rigid-gate case , for which 

the gate was ass igned a large f requency value, characterist ic of a large stiffness 

to mass ratio. The purpose of calibrating the model was to check the geometr ic 

amplif ication factor, a . The calibrated model yielded reasonable results, as the 

total hydrodynamic force on the gate was approximately equal to the Kolkman 

rigid-gate case . 

The next step was to perform 2 - D O F modal ana lyses while gradually introducing 

gate flexibility by decreas ing the gate frequency. Th is process was performed on 

all seven dam-gate sect ions. Figure 2-4 shows a sample of the 2 - D O F modal 

analysis worksheet used to carry out the calculat ions. This worksheet is 
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explained in Appendix A . 

2.2.3.1 M a s s Matrix 

A s stated earlier, the mass matrix used in the 2 D O F modal analysis, [m*], 

consists of a structural mass component, [m], and a hydrodynamic mass 

component, This composi te mass matrix has the form: 

a md + Ll ll\ si 

rf2 ra 
(2 -31) 

From this equat ion, the m a s s of each spil lway gate, mg, is approximately 30.5 

tonnes. Table 2-1 summar izes the va lues of md, the general ized m a s s e s of 

each dam-gate segment. The general ized m a s s for each dam-gate sect ion is 

calculated by integrating the product of the distributed mass and the square of 

the Chopra mode shape over the height of the dam. S ince the height varies from 

block to block, the general ized m a s s also var ies, as shown in the summar ized 

results. For Gate 4, the general ized mass , a2md, was calculated to be 19643 

tonnes. 

The hydrodynamic added m a s s e s are calculated by virtual work of hydrodynamic 

pressures due to unit d isp lacements of the degrees of f reedom. Initially, the 

hydrodynamic added mass matrix was not perfectly symmetr ic. In order to 

alleviate this, the non-symmetr ic va lues, L i g l and \id2, were interpolated to 
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achieve symmetry, in order to avoid complexity in the modal analys is. To 

demonstrate this, the added m a s s e s for Gate 4, expressed in tones, were altered 

as shown below: 

L t „ = 9 4 2 5 H „ = 9 4 2 5 

\igl =502 L i g l =507 

L i „ 2 = 5 1 2 ~* L t , 2 =507 

H g 2 = 2 0 9 ^ t g 2 = 2 0 9 

"9425 507" 

507 209 

The composi te m a s s matrix for Gate 4 in tonnes was then computed as : 

nr 
29068 507 

507 239 

2.2.3.2 Stif fness Matrix 

A s stated earlier, the stiffness matrix used in the 2 D O F modal analys is, [k], has 

the form: 

k = 
a2kd* 
-oik.. 

-ak„ 
(2 -246) 

Since it would be very difficult to accurately calculate or measure the stiffness of 

the dam-gate sect ion, the st i f fnesses, kd and k , were back-calculated from the 

mass and natural f requency parameters for the dam and gate. 

For the gate, a finite-element modal analysis was performed on the gates with 

hydrodynamic loads, yielding a natural f requency, fg*, of 7.4 Hz. This model 
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was based on the self-weight and just the diagonal term of the hydrodynamic 

added mass matrix pertaining to the gate, LI 2 ; ie. the added mass on the gate 

due to a virtual unit d isp lacement of the gate D O F . However, the hydrodynamic 

added mass due to the virtual d isp lacement of the dam, L t g l , was not 

incorporated. A s such , in order to calculate the stiffness of the gate, it was first 

necessary to adjust the f requency to include this additional hydrodynamic added 

mass term. For Gate 4: 

i I K 
/ * = — k- = lAHz 

2k ]j mg[ + [ig2 

kg = [2% {lAHz)]2 (30.5 + 209) = 0.52 x 10 6 kN/m 

Where f * = 7AHz is the f requency that was calculated using a finite element 

model of the gate with added mass , and kg is the stiffness of the dam-gate 

sect ion based on the f requency provided. 

For the dam, a previous finite-element model yielded a natural f requency, fd, of 

7.1 Hz. S ince this f requency is representative of the first vibration mode of the 

entire dam model , it is assumed that each dam-gate sect ion behaves similar to 

the entire dam and that 3-D effects are neglected. It fol lows that the general ized 

stiffness of the dam is calculated as fol lows: 

f = _ L 
J d ~ 

k" =l.\Hz 
V 2 2 7 1 " ^ , + ^ , +LL f l 

kd = [2k(7.1Hz)]2 (l9643 + 9425 + 507) = 58.9x 10 6 kN/m 
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Where kd is the stiffness of the dam-gate sect ion based on the f requency 

provided. Accordingly, the stiffness matrix for Gate 4 was then computed as : 

0.52 -1.661 , . 
x l O 6 k N m 

-1 .66 64.2 J ' 

2.2.3.3 2 D O F Modal Ana lys is 

The characterist ic equation was used to formulate the natural f requencies 

(eigenvalues) and mode shapes (eigenvectors). Then , the participation factors 

were calculated using formulae presented by Chopra [4]. Finally, the modal 

accelerat ions were calculated, based on spectral accelerat ion va lues extracted 

from the U H R S for Rusk in Dam. 

The characterist ic equat ion: 

det[[yt]-[X]h*]]=0 ( 2 - 2 7 ) 

Solve the e igenvalues, \ and X2, then replace back into the formal solution to 

solve the eigenvectors: 

ff*]-XI[/«*D|»I=0 ( 2 - 2 8 a ) 

[ M - U ™ * f t > 2 = 0 (2 -286) 

Where § x and <|>2 are the eigenvectors representing the mode shapes for modes 

1 and 2, respectively. G iven the eigenvectors, the next step is to calculate the 

modal participation factors: 
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r , = 
fy^m * L * 

<t>,rm *ct), 
( 2 - 2 9 a ) 

§2 m * L * 
{2-29b) 

ty2 m*§2 

Then , given the spectral accelerat ions from the U H R S , the modal accelerat ions 

for the two degrees of f reedom can be computed: 

2.2.3.4 Combinat ion of Modal Accelerat ions 

G iven the peak ground accelerat ion and the two modal accelerat ions from the 

2 D O F modal analys is , the next step is to combine the accelerat ions to obtain the 

combined absolute accelerat ion of the dam-reservoir interface. It was proven 

that the resulting pressures were identical regardless of whether the 

accelerat ions were combined before or after they were input into the Ko lkman 

spreadsheet . 

2.2.3.5 Adjusting the Uniform Hazard R e s p o n s e Spect ra 

Simi lar to the se ismic response of a structure, the dam responds to earthquake 

vibrations by means of a "rigid body" motion super imposed with the modal 

response to the earthquake vibrations. The rigid body mode results from the 

transformation of co-ordinates from an absolute f rame of reference to a reference 

( 2 - 3 0 a ) 

[A2] = SA2T2k2) (2 -30b) 
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f rame that moves relative to the earthquake. This transformation of co-ordinates 

is necessary in the formulation of the equat ions of motion, allowing for the direct 

input of accelerat ion data to obtain the hydrodynamic pressures. 

S ince the U H R S for Rusk in Dam was provided in the absolute frame of reference 

(ie. Spectral accelerat ion = P G A for period of 0 sec) , it was necessary to modify it 

so it would comply with the condit ions of the relative f rame of reference. This 

modification was required for consis tency with the rest of the modal analys is, 

which was carried out in the relative frame of reference. The difference between 

the two f rames of reference is the rigid body mode, which is incorporated into the 

modal combination later in the analys is. The criteria for this modification were: 

1. S A = 0 a t T = 0 s e c 

2. S A -> P G A as T -> °o 

3. S A m a x is preserved after the modification 

Figure 2-5 shows the co-ordinate transformation of the U H R S from the absolute 

frame of reference to the relative frame of reference. The upper plot shows the 

boundary condit ions satisfied by the coordinate transfer. The bottom plot shows 

the same curves within the period range of interest for this study. The rigid body 

mode is combined with the relative modes later in the process, to extract the 

combined absolute accelerat ions. 
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2.2.3.6 Applying the Ko lkman Method 

The accelerat ion va lues for each degree of f reedom from the 2 D O F modal 

analysis were used to calculate the accelerat ions at the even ly-spaced node 

locations along the dam elevation for each of the two modes . Using the Chopra 

mode shape as a bas is , the rigid body mode accelerat ions and relative 

accelerat ions were then input into the Ko lkman spreadsheet , in order to calculate 

the hydrodynamic pressures along the dam-reservoir interface. 

The pressures are then integrated over the surface area of the gate to obtain the 

hydrodynamic loads on each of the seven gates. These loads are then 

compared to the loads due to Zangar and Ampli f ied Zangar hydrodynamic 

pressures to evaluate the feasibility of continuing this study. 
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2.3 D I S C U S S I O N O F R E S U L T S 

Figure 2-6 summar izes the effect of varying the gate f requency parameter on the 

hydrodynamic loads for Ga te 4. This plot shows the total hydrodynamic load on 

the gate for var ious f requencies. The f requencies were expressed as the Per iod 

Ratio between gate period Tg and dam period Td, given a constant dam period 

of 0.14s and a varying gate period. For the rigid gate case ( / » o ) , the total 

gate force is equal to that calculated for the rigid-gate Ko lkman case ; 

approximately 10400 kN. The total gate force increases with dec rease in gate 

f requency until c lose to resonance with the dam frequency ( / -lAHz), where it 

reaches a maximum of approximately 16100 kN, or approximately 7 4 % of the 

Ampli f ied Zangar total gate force. Decreas ing the gate f requency beyond the 

resonant f requency results in a decrease in the total gate force. The total gate 

force dec reases below the rigid-gate Ko lkman force at / = 3.94/fe , and 

asymptotical ly approaches a value well below the rigid-gate Ko lkman force. The 

remaining gates exper ience similar results to those shown for Gate 4. 

Figure 2-6 a lso shows the variation of peak accelerat ion of the dam and the gate 

at the water level. For the rigid gate case , the accelerat ions are 26.5 m/s 2 for 

both the dam and the gate. A s the gate f requency dec reases to the resonant 

condit ion, the dam accelerat ion dec reases to approximately 19 m/s 2 and the gate 

accelerat ion increases to approximately 69 m/s 2 . A s the gate f requency 

dec reases beyond the resonance frequency, the dam accelerat ion gradually 

increases and the gate accelerat ion gradually dec reases to a value less than the 
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fixed gate accelerat ion. This indicates a larger participation of the second 

vibration mode as the gate f requency approaches the dam frequency. 

Figure 2-7 summar izes the total hydrodynamic force on all the gates. The total 

force on the gates vary from approximately 5000 kN at Gate 1 near the right 

abutment, to approximately 16000 kN at Gate 4 near the center of the crest, to 

approximately 8000 kN at Gate 7 near the left abutment. The total force on each 

gate exceeds the rigid-gate Ko lkman force but does not exceed the Ampli f ied 

Zangar force. 
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2.4 C O N C L U S I O N S 

A modal analysis of a 2 D O F simplif ied model representing a portion of a gravity 

dam structure was successfu l ly carried out. The main purposes of this study 

were to evaluate the effect of dam-gate interaction on the hydrodynamic loads 

and to evaluate the effect of varying the natural f requency of the gate. The 

following can be conc luded from this study. 

2.4.1 Regarding the Modif ied Kolkman Method 

• The method presented by Kolkman is useful for consider ing the dam-gate-

reservoir interaction in the formulation of hydrodynamic loads. 

Converse ly , the methods presented by Westergaard and Zangar do not 

consider the relative response of the gate to the dam. 

• The hydrodynamic loads formulated by this method are consistent with 

those formulated by the Zangar method. This was verified by formulating 

the hydrodynamic loads for the case of an infinitely rigid dam structure. 

• W h e n subjected to dynamic excitation, the dam-gate interaction changed 

the distribution of hydrodynamic loads along the upstream face of the 

dam. 

2.4.2 Regarding the Effect of Dam-Gate Interaction on Hydrodynamic Loads 

• It was necessary to consider the rigid body mode in estimating the effect 

of Dam-Gate interaction on the resulting hydrodynamic loads. 

• The amplif ied Zangar hydrodynamic loads (computed by using added 
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mass) are much higher than those computed by using the rigid gate 

Kolkman Method. 

• Dam-Gate interaction, when the gate f requency was set similar to the dam 

frequency, resulted in hydrodynamic loads higher than those observed for 

the Ko lkman Rigid Gate scenar io but lower than those computed using 

Ampli f ied Zangar . 

2.4.3 Regard ing the Effect of Varying the Natural Frequency of the Gate 

• The hydrodynamic loads for the extreme rigidity case were equal to those 

computed for the Ko lkman Rigid Gate case . 

• The peak hydrodynamic load occurred at resonance, when the gate 

frequency was equal to the dam frequency [fg = fd). 

• A s the frequency was shifted towards extreme flexibility, the hydrodynamic 

load asymptotical ly approached a value less than that computed for the 

Ko lkman Rigid Gate case . 

• For the case of the actual gate f requency [f =lAHz), the total 

hydrodynamic load was approximately halfway between of the Ampli f ied 

Zangar and the Rig id-Gate Kolkman hydrodynamic loads. 

• It is possible to decrease the hydrodynamic loads on the gates by 

decreas ing the natural f requency of the gate to beyond the natural 

f requency of the dam; ie. by increasing the flexibility of the gate sys tem. 

• Ampli f ied accelerat ions of the gate were assoc ia ted with a reduction of 

accelerat ions in the body of the dam. 
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In the current state of practice, the Ampli f ied Zangar hydrodynamic m a s s e s 

attached to the upstream face of the dam are typically used in structural 

ana lyses . However, this p rocess does not incorporate gate flexibility and it was 

unknown whether the resulting hydrodynamic pressures would be conservat ive 

or non-conservat ive in terms of des ign. For this study, the flexibility of the gate 

has a significant effect on the hydrodynamic forces exper ienced on the upstream 

face of the dam. Using a simplified 2 - D O F model of a 40-ft wide sect ion of a 

gravity dam, results were obtained that support this statement. 

It was found that the hydrodynamic pressures determined by the 2 - D O F modal 

analys is were substantial ly lower than those presented by the Ampli f ied Zangar 

method. This suggests a possibil ity to reduce the cost of the retrofit work due to 

reduced design loads. However, there were a number of assumpt ions and 

simplif ications made during this study that may have compromised the accuracy 

of the results. It is recommended to carry out a more refined study to improve 

the accuracy and reliability of the results. 

It was also found that the hydrodynamic force on the gates could be reduced by 

decreas ing the natural f requency of the gates beyond the resonance f requency 

of the dam. Whi le softening the gates has been determined to reduce the total 

effective hydrodynamic loads, its value as a potential retrofit measure needs 

further investigation. 
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2.5 R E C O M M E N D A T I O N S 

The results of this study are supportive of the Kolkman Method of determining 

hydrodynamic loads account ing for dam-gate-reservoir interaction. However, 

before implementing this method in practice, it is necessary to improve the 

precision of the model and analys is. S o m e recommendat ions for future work on 

this topic are: 

1. Ana lys is using a more detailed ful l-scale 3-D model of a dam, to account 

for load sharing between dam blocks and the 3-D effects on the 

hydrodynamic loads. 

2. More detai led computational analysis by means of Fini te-Element Ana lys is 

software. This would entail an expans ion of the 2 D O F model to a more 

complex M D O F model . 

49 



Chapter 2 Dam-Gate Hydrodynamic Interaction Study 

FIGURE 2-1: Kolkman-Zangar Comparison 

Kolkman - Simple Scheme for Calculating the Added Mass 
of Hydraulic Gates 
Node Spacing 2.26 m 

0.54 g 

Zangar Scheme for Calculating the Added Mass of 
Hydraulic Gates 

Reservoir Vertical at Reservoir Vertical at 
70 m 140 m 
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(m) y(ft) (kPa) ("Pa) (kPa) (kPa) 
42.91 0.0 0.0 0.0 0.0 0.0 
41.78 3.7 24.9 15.7 24.9 15.9 
39.52 11.1 48.0 39.6 48.0 40.0 
37.26 18.5 65.7 59.1 65.7 59.7 
35.00 26.0 80.9 75.6 80.9 76.6 
32.74 33.4 94.4 90.1 94.4 91.3 
30.48 40.8 106.5 102.8 106.5 104.3 
28 22 48.2 117.6 114.2 117.6 115.9 
25.96 55.6 127.8 124.3 127.8 126.2 
23 70 63.0 137.0 133.4 137.0 135.6 
21.44 70.4 145.4 141.6 145.4 143.9 
19.18 77.9 153.1 1489 153.1 151.4 
16.92 85.3 160.1 155.4 160.1 158.1 
14.66 92.7 166.3 161.2 166.3 164.1 
12.40 100.1 171.9 166.3 171.9 169.4 
10.14 107.5 176.8 170.7 176.8 174.0 
7.88 114.9 181.1 174.6 181.1 177.9 
562 122 3 184.8 177.8 184.8 181.3 
3.36 129.8 187.8 180.5 187.8 184.1 
1.10 137.2 190.2 1826 190.2 186.3 

-1.16 144.6 192.0 184.2 192.0 187.9 
-3.42 152.0 193.2 185.3 193.2 189.0 
-5.68 159 4 193 8 185.8 193 8 189.6 

for WL = 
tw = 

C m = 
C = 

42.9 m 
163.1 ft 
0.54 g 
62.4 lb/ft3 

0.735 
(Cm/2)((y/h)(2 - (y/h)) • [(y/h)(2 - (y/h))]"1 

Hydrodynamic Pressures, Rigid Body 
Mode 

100 

Pressure (kPa) 

200 
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FIGURE 2-2: Conceptual 2-DOF Model 

Gate 
Stiffness 

a = Chopra displacement of 
Dam at Dam DOF elevation 

b = Chopra displacement of 
Dam at Gate DOF elevation 
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FIGURE 2-3: Chopra Recommended Mode Shape for Gated Spillways of Lower Concrete Monolith Dams 

Elevation, Chopra Mode 
z Shape 

1.00 1.000 
0.95 0.914 
0.90 0.825 
0.85 0.738 
0.80 0.654 
0.75 0.574 
0.70 0.499 
0.65 0.440 | 
0.60 0.386 
0.55 0.334 
0.50 0.285 
0.45 0.239 
0.40 0.197 
0.35 0.160 
0.30 0.126 
0.25 0.096 
0.20 0.070 
0.15 0.048 
0.10 0.030 
0.05 0.015 
0.00 0.000 

0 . 0 

Chopra Mode Shape 

-•—Chopra Mode 
Shape 

0 . 2 0 . 4 0 . 6 0 . 8 

Chopra Mode Shape, »|/,(z) 

1 . 0 
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FIGURE 2-4: 
2DOF Gate Hydrodynamic 
10% Critical Damping 
Basic Information 

DOF 1 f|K) 

2DOF Modal Analysis Worksheet, Gate 4, 7.4 Hz 
Evaluation of Added mass due to movement of dam and gate 

Geometric Amplification 

Gate Mass: 

Gate Stiffness: 
30.5 tonne 

Elevation Mode 1 Mode 2 
42 1.000 1.000 
35 0088 -0.092 
0 0 0 

k, | 5.16E+05 |kN/m 

Gate Hydrodynamic Mass: 

Gate Frequency: 
without added mass 

Jtonne 

with added mass 

Dam Mas*: Dam Hydrodynamic Mass: 
m«, 19643.3 tonne 9425 01 tonne Uo? 507.07 

Dam Stiffness: Dam Frequency: 
5.89.6*07 kN/m without added mass 8.71 Hz with added mass 7.1000 

Mass Matrix: Stiffness Matrix: 
(m->n] 239.4 507.1 [k] 5.1756*05 -1.663E*06 [m*u]' 0.004337575 

507.1 29068.3 -1.6636*06 6420E*07 -7,56656-05 

det[k • = 0 Modal Expansion Factor. L M 643.2 
(k„ -cn,!m„)(ka-oi, ma -(knVm jl'Ikj.Wm, ) = 0 L 1.00 = a 107800 
a\2 + bk + c • 0 1.00 = 1 

a 6.706*06 delM lift] 30.5 
b -3.216*10 cross determinant 0.0 
c 3 056*13 detK 

X, = (-b - (6' 4ac)'")/2a |m]|L]*|u] 673.68 
i.2 l (-b * (b! -4ac)'")/2a 3042332 

Frequencies: Mode 1 it 1304 rad/sec' 0)1 5.75 Hz 
Mode 2 h 3.496*03 rad/sec' Iil2 9.40 Hz in 062 

1.04 
Mode Shapes: Elgenvectc tl 

Mode 1 [k-A,m] 2 05E»05 •2 326*06 •8 846-02 1.000 1 0088 2394 
-2.326*06 2.636*07 -8.846-02 0.088 507.1 

Determinant 0.006*00 1 0088 239 4 
507 1 

Mode 2 Eigenvectc 
[k - X2m] -3.176*05 -3 436*06 9.246-02 1.000 1 -0.092 239.4 

-3.436*06 -3 716*07 9246-02 -0 092 507.1 
Determinant -2.15E-02 1 -0.092 239.4 

507.1 
Participation Factors: t L* = 4n

TmL M = ̂ n'mitin 
Mode 1 5.75 6.047 3362.3 556.0 
Mode 2 9.40 •5.43 -2137.3 393.8 

Spectral Accelerations: '» P. 
Mode 1 5.75 0 174 SA, 0 910 9 a 93 m/sec' SV, 0 247 m/sec 
Mode 2 9.40 0 106 0.730 9 7.16 m/sec' sv. 0 121 m/sec 

PGA 0 540 9 5 30 m/sec' 

Response Quantities: Displacements Acceleratwns 
Mode 1 0.0414 m \ i 54.0 m/sec' 

D„ 0 0037 m A.1 4.77 m/sec'' 
Use these values to find mode-1 and mode-

Mode 2 D* -0.0111 m \2 -38.9 m/sec' could scale and add from dam only and gati 
0 0010 m ** 3.6 m/sec' 
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FIGURE 2-5: Modified UHRS Curve, 10% Damping 
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FIGURE 2-6: Effect of Varying Gate Frequency on Hydrodynamic Forces on Gate 4 
Total Hydrodynamic Force on Gate 4 
Considering the Effect of Varying Gate Stiffness, Constant Added Mass 
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30 209 507 2.95E+12 17659 5.66E-05 19643 9425 507 5.9E+07 7.10 0.14 0.00 26.51 26.51 10398 11025 21685 11025 

30 209 507 2946903 17.66 0.06 19643 9425 507 5.9E+07 7.10 0.14 0.40 25.44 34.01 11560 12257 21685 11025 

30 209 507 1443982 12.36 0.08 19643 9425 507 5.9E+07 7.10 0.14 0.57 24.05 42.31 12834 13608 21685 11025 

30 209 507 736725 8.83 0.11 19643 9425 507 5.9E+07 7.10 0.14 0.80 21.52 57.97 15180 16096 21685 11025 
30 209 507 517520 7.40 0.14 19643 9425 507 5.9E+07 7.10 0.14 0.96 19.90 66.73 16099 17070 21685 11025 

30 209 507 471504 7.06 0.14 19643 9425 507 5.9E+07 7.10 0.14 1.01 19.67 68.12 16098 17069 21685 11025 

30 209 507 265221 5.30 0.19 19643 9425 507 5.9E+07 7.10 0.14 1.34 22.13 66.17 14155 15009 21685 11025 

30 209 507 117876 3.53 0.28 19643 9425 507 5.9E+07 7.10 0.14 2.01 25.96 47.42 9666 10249 21685 11025 

30 209 507 29469 1.77 0.57 19643 9425 507 5.9E-<-07 7.10 0.14 4.02 27.38 33.82 7055 7480 21685 11025 

30 209 507 3 0.02 56.63 19643 9425 507 5.9E+07 7.10 0.14 402.08 27.61 23.86 5132 5442 21685 11025 

Total Force on Gate 4,10% Damping, 0.54g PGA 
25000 T 1 , , , 1 • , 1 1 1 — 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.3 1.4 1.5 1.6 1.7 
Period Ratio (Tg/Td) 
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FIGURE 2-7: Summary of Hydrodynamic Gate Forces 

Gate 1 Gate 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 
Kolkman 7.4Hz Gate Force (kN) 5074 7088 12867 16138 15821 13077 8296 

Amplified Zangar Force on Gate (kN) 6024 9768 16948 21685 20912 15582 9419 

Kolkman Rigid Gate Force (kN) 3632 5304 8727 10971 10607 8120 5241 

Total Hydrodynamic Force on Gates 

0 4 , , , , , 1 
Gate 1 Gate 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 

Gate# 
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Chapter 3 

D a m p i n g S t u d y 

3.0 I N T R O D U C T I O N 

Structural damping is the capacity of a structure to absorb energy imposed on it 

by external forces, such as earthquake ground motions. In projects involving 

structures for which no structural damping value is provided, the damping value 

is assumed based on past exper ience and experimental results. In complex 

structural sys tems such as concrete gravity dams, it is beyond the scope of 

engineering to accurately compute structural damping. However, numerous 

attempts of providing reasonable est imates have been made. 

The fundamental modal damping recommended by Chop ra and Tan [4] is 

determined based on components of damping for the structure, reservoir and 

foundation in the following formula: 

Where is the damping ratio of the dam on rigid foundation rock; C,r is the 

added damping ratio assoc ia ted with the reservoir, a function of the reservoir 

bottom wave reflection coefficient; £ 7 is the added damping ratio assoc ia ted with 

the dam/foundation interaction; Rr is the period modification ratio of the 

reservoir, a function of the reservoir depth and the modulus of the dam concrete; 

(3 -1) 
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Rf is the period modification ratio of the foundation flexibility, a function of the 

foundation flexibility and the hysteretic damping coefficient of the foundation 

material. 

In a previous study of Rusk in Dam done for BCHyd ro in 1991 [17], a damping 

value of 10% was chosen after compar ing damping recommended by Chop ra for 

a number of possible combinat ions of structural parameters. P H C engineers 

calculated 16% damping using assumed parameters and noted that the damping 

value is sensit ive to the foundation modulus and could be as low as 1 1 % . P H C 

settled on 10% damping as a conservat ive assessment . 

In the literature review for this topic, it was found that S . Okamoto, in his textbook 

titled, "Introduction to Earthquake Engineer ing" [14], states that damping va lues 

for dams in large earthquakes are likely to range from 10% to 20%. 

In a very extensive paper by John Hall [8], the author descr ibes the response of 

the Paco ima Dam in Cal i fornia to a near field earthquake. Data analysis 

indicates that damping in the order of 10% of critical is necessary to explain the 

motions exper ienced. Forced vibration tests indicated damping of 7 .3% and 

9.8% in c losely spaced modes , symmetr ical and anti-symmetrical, respectively. 

The bulk of U .S . and Ch inese exper ience reports damping va lues ranging from 

0.7% to about 5 % based on shaker tests of existing structures. J a p a n e s e 

exper ience with actual earthquake data at Naramata Dam reported 8% to 10% 
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damping, while for Tsukabaru Dam, damping was reported to be greater than 

10%. Other than that, the vast majority of damping results reported are within 

the range of 2 % to 5%. 

B a s e d on these f indings, the damping of concrete gravity dams could range 

anywhere from less than 1% to 2 0 % . This lack of conclusive ev idence makes it 

desirable to further investigate this topic. This study will test the Hal f -Power 

Bandwidth Method of estimating damping, using time history records obtained 

from real concrete gravity dam structures subjected to actual se ismic ground 

motions. 
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3.1 B A C K G R O U N D I N F O R M A T I O N 

3.1.1 Time History Records 

There were two main criteria for select ing appropriate time histories for this 

damping study: 

1. The structure is a concrete gravity dam structure 

2. There are at least two coherent time history records, one at a "base" 

location (preferably at or near the dam base) and one at a "remote" 

location (preferably at or near the center crest) 

It was also desirable to have strong ground motions ( P G A > 0.1g), capab le of 

caus ing significant amplif ication at the crest elevation. 

For North Amer ican dams, several time history da tabases were searched , but 

only two structures satisfying the above criteria were found: 

1. Detroit D a m , Oregon: 1993 Scotts Mills Earthquake 

2. Lower Crystal Spr ings D a m , Cal i fornia: 1989 Loma Prieta Earthquake 

Upon complet ion of the ana lyses of the North Amer ican dams, it was conc luded 

that the ground motions were not representative of a theoretical Des ign Bas is 

Earthquake, and it was deemed necessary to expand the study. T ime history 

records for dams having exper ienced significant ground motions were found in a 

database compi led by the J a p a n e s e Commiss ion on Large D a m s ( J C O L D ) 

entitled, "Accelerat ion Records on Dam Foundat ions, No. 2" (2002). Due to the 
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large amount of records found in this database, only those exhibiting the largest 

peak ground accelerat ions and peak response accelerat ions at the crest were 

extracted for this study: 

1. Ch iya D a m , O k a y a m a Prefecture: 2000 Tottori Earthquake 

2. Kashou D a m , Tottori Pref.: 2000 Tottori Earthquake 

3. A m e y a m a Dam, Aichi Pref.: 1997 Aichi Earthquake 

4. Takase Dam, O k a y a m a Pref.: 2000 Tottori Earthquake 

5. Tsuruda D a m , Kyushu: 1997 Kagosh ima Earthquake 

6. S u g e s a w a D a m , Chugoku : 1989 Tottori Earthquake 

7. Hitokura D a m : 1995 Kobe Earthquake 

Figure 3-1 shows the locations of these dams. Table 3-1 below summar izes the 

P e a k Ground Accelerat ion, P e a k Crest R e s p o n s e , and Amplif ication for each of 

the 9 dams cons idered. 

TABLE 3-1: Summary of Peak Dam Responses 

# Dam Name 
Peak Ground 
Acceleration 

(g) 

Peak 
Response at 

Crest (g) 
Amplification 

1 Detroit Dam 0.026 0.150 5.8 
2 Lower Crystal Spr ings Dam 0.052 0.070 1.3 
3 Ch iya Dam 0.073 0.546 7.5 
4 Kashou Dam 0.538 2.091 3.9 
5 A m e y a m a Dam 0.176 0.307 1.7 
6 Takase Dam 0.108 0.377 3.5 
7 Tsuruda Dam 0.158 0.723 4.6 
8 S u g e s a w a Dam 0.037 0.204 5.5 
9 Hitokura Dam 0.187 0.491 2.6 
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3.1.1.1 Detroit Dam 

The Detroit Dam is a concrete gravity dam structure located in Detroit, Oregon . 

T ime history records were avai lable for the 1993 Scotts Mills Earthquake at the 

"Gal lery Level 1" (Base) and "Gal lery Level 7" (Remote) locations. The 

upstream-downstream Peak Ground Accelerat ions at the base and remote 

locations were 0.026g and 0.15g, respectively, indicating an amplif ication factor 

of about 6 between these locations. 

3.1.1.2 Lower Crystal Spr ings Dam 

The Lower Crystal Spr ings Dam is a concrete gravity dam structure located near 

S a n Mateo, Cal i fornia. T ime history records were avai lable for the 1989 Loma 

Prieta Earthquake at the "Dam B a s e " (Base) , "Crest , Left 1/3 Length", and "Crest , 

Right 1/4 Length" (Remote) locations. S ince the record from the center crest 

location was unavai lable, two ana lyses were performed using the two avai lable 

records corresponding to locations adjacent to the center crest. The upstream-

downstream Peak Ground Accelerat ions at the base and remote locations were 

0.052g and 0.07g (0.072g for Crest , Left 1/3 Length, and 0.069g for Crest , Right 

1/4 Length), respectively, indicating an amplif ication factor of about 1.3 between 

the base and crest level locations. 

3.1.1.3 Ch iya Dam 

The Ch iya Dam is a concrete gravity dam structure located in Japan ' s O k a y a m a 

prefecture. It is a local government dam monitored by the Ministry of Land , 
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Infrastructure, and Transport. T ime history records were avai lable for the 2000 

Tottori Earthquake at the foundation (Base) and center crest (Remote) locations. 

The upstream-downstream Peak Ground Accelerat ions at the base and remote 

locations were 0.073g and 0.546g, respectively, indicating an amplif ication factor 

of about 7.4 between these locations. Figure 3-2a shows the time history 

records for the Ch iya D a m . 

3.1.1.4 Kashou Dam 

The Kashou Dam is a concrete gravity dam structure located in Japan ' s Tottori 

prefecture. It is a local government dam monitored by the Ministry of Land, 

Infrastructure, and Transport. T ime history records were avai lable for the 2000 

Tottori Earthquake at the foundation (Base) and center crest (Remote) locations. 

The upstream-downstream Peak Ground Accelerat ions at the base and remote 

locations were 0.538g and 2.091 g, respectively, indicating an amplif ication factor 

of about 3.9 between these locations. Figure 3-2b shows the time history 

records for the Kashou Dam. 

3.1.1.5 A m e y a m a Dam 

The A m e y a m a Dam is a concrete gravity dam structure located in Japan ' s Aichi 

prefecture. It is a local government dam monitored by the Ministry of Land , 

Infrastructure, and Transport. T ime history records were avai lable for the 1997 

Aichi Earthquake at the foundation (Base) and center crest (Remote) locations. 

The upstream-downstream Peak Ground Accelerat ions at the base and remote 
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locations were 0.176g and 0.307g, respectively, indicating an amplif ication factor 

of about 1.7 between these locations. Figure 3-2c shows the time history records 

for the A m e y a m a Dam. 

3.1.1.6 Takase Dam 

The Takase Dam is a concrete gravity dam structure located in Japan ' s 

O k a y a m a prefecture. It was constructed in 1979 and is the second tallest dam 

structure in Japan at 577 ft. It is a local government dam monitored by the 

Ministry of Land , Infrastructure, and Transport. T ime history records were 

avai lable for the 2000 Tottori Earthquake at the foundation (Base) and center 

crest (Remote) locations. The upstream-downstream P e a k Ground 

Accelerat ions at the base and remote locations were 0.108g and 0.377g, 

respectively, indicating an amplif ication factor of about 3.5 between these 

locations. Figure 3-2d shows the time history records for the Takase D a m . 

3.1.1.7 Tsuruda Dam 

The Tsuruda Dam is a concrete gravity dam structure located in Kyushu , J a p a n . 

It is a central government dam monitored by the Ministry of Land, Infrastructure, 

and Transport. T ime history records were avai lable for the 1997 Kagosh ima 

Earthquake at the foundation (Base) and center crest (Remote) locations. The 

upstream-downstream Peak Ground Accelerat ions at the base and remote 

locations were 0.158g and 0.723g, respectively, indicating an amplif ication factor 

of about 4.6 between these locations. Figure 3-2e shows the time history 
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records for the Tsuruda D a m . 

3.1.1.8 S u g e s a w a Dam 

The S u g e s a w a Dam is a concrete gravity dam structure located in Chugoku , 

J a p a n . It is a central government dam monitored by the Ministry of Land, 

Infrastructure, and Transport. T ime history records were avai lable for the 1989 

Tottori Earthquake at the foundation (Base) and center crest (Remote) locations. 

The upstream-downstream Peak Ground Accelerat ions at the base and remote 

locations were 0.037g and 0.204g, respectively, indicating an amplif ication factor 

of about 5.6 between these locations. Figure 3-2f shows the time history records 

for the S u g e s a w a D a m . 

3.1.1.9 Hitokura Dam 

The Hitokura Dam is a concrete gravity dam structure located in Japan ' s Hyogo 

prefecture. It was constructed in 1982 by the Water Resou rces Development 

Publ ic Corporat ion at the juncture of the Tajir igawa River and Hitokura-Oroj igawa 

River. T ime history records were avai lable for the 1995 Kobe Earthquake at the 

foundation (Base) and center crest (Remote) locations. The upstream-

downstream P e a k Ground Accelerat ions at the base and remote locations were 

0.187g and 0.491 g, respectively, indicating an amplif ication factor of about 2.6 

between these locations. Figure 3-2g shows the time history records for the 

Hitokura Dam. 
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3.1.2 Application of Half-Power Bandwidth Method to Complex Structures 

In a Master's of Applied Science thesis by Mark Bakhtavar [3], the author 

provides experimental results that support the applicability of the Half-Power 

Bandwidth Method to multiple-degree-of-freedom (MDOF) systems such as 

multi-story high-rise structures. Bakhtavar used the signal processing program 

ME'scope [S2] to evaluate the vibration properties of the various buildings 

selected for data analysis. Given the input and response time history records, 

the ME'scope program evaluates the natural freuquencies, mode shapes and 

damping values. To verify the accuracy of the ME'scope results, Bakhtavar used 

the structural analysis program SAP90 [S3] to generate a 3D model with mass 

and stiffness properties representative of one of the structures analyzed in his 

study. 

3.1.2.1 Background Information 

The structure analyzed was a 6-story office building in Los Angeles, subjected to 

the 1994 Northridge Earthquake. Figure 3-3 shows the SAP90 model used in 

this study, a 6-story 3-D rigid frame with mass and stiffness properties that were 

selected such that its fundamental frequency was close to that of the actual 

structure. A mass eccentricity of 2.5-5.0% was assigned at each floor to allow 

for some degree of coupling between modes in different directions. The actual 

ground motion record at this building during the 1994 Northridge earthquake was 

used for a linear time history analysis of the model. The response time history 

records-of the second, third and roof levels of the building were used by 
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ME'scope to determine the vibration properties of the system. A damping value 

of 5% was applied to all modes. 

3.1.2.2 Calibration Results 

Table 3-2 below shows the comparison between the SAP90 model results and 

the ME'scope results. 

TABLE 3-2: Comparison of the Vibration Properties of the 
SAP90 Model and the Values Estimated Based on 
the Output Time Histories Using ME'scope 

SAP90 
Model 

ME'scope 
Analysis 

ME'scope 
Analysis 

Mode 
# 

Frequency 
(Hz) 

Frequency 
(Hz) 

% 
Difference 

Estimated 
Damping (%) 

1 0.792 0.798 0.8% 4.59 
2 0.864 0.861 0.3% 3.27 
3 1.279 1.278 0.1% 3.05 
4 2.169 2.178 0.4% 4.33 
5 2.557 2.563 0.2% 4.10 
6 3.467 3.369 2.9% 0.68 
7 3.927 3.949 0.6% 4.02 
8 4.226 4.239 0.3% 3.87 
9 5.211 5.213 0.0% 3.32 
10 5.887 5.822 1.1% 4.40 
11 6.188 6.015 2.9% 3.20 
12 6.900 6.907 0.1% 4.35 
13 7.741 7.735 0.1% 3.08 
14 8.407 7.897 6.5% 5.08 
15 8.624 8.508 1.4% 2.03 
16 8.850 8.768 0.9% 3.68 
17 10.819 10.793 0.2% 3.10 
18 13.215 13.184 0.2% 0.13 

The results of this comparison show good agreement between the natural 

frequencies estimated by ME'scope and those calculated for the SAP90 model; 

the error was less than 3% for all but one of the frequencies. There was a much 

67 



Chapter 3 Damping Study 

larger d iscrepancy in the est imated damping va lues; on average, the Hal f -Power 

Bandwidth damping va lues from the M E ' s c o p e results were about 2% less. This 

suggests that the reliability of the damping va lues est imated for strong motion 

data in this research is fairly reasonable. Accordingly, it is reasonable to apply 

the Hal f -Power Bandwidth Method to time history records from complex structural 

sys tems, such as the dam structures considered in this study. 
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3.2 M E T H O D O L O G Y 

The Hal f -Power Bandwidth Method is used to approximate structural damping, 

given time history records from two different locations on a structure. In this 

study, this method was used to test the assumpt ion of 10% damping. The 

damping value is an estimate of the energy dissipat ion due to all contributing 

resistant forces including the foundation, reservoir, and the structure itself. 

First, c ross spectrum ana lyses were performed on the compi led time history 

records for the dams d iscussed in Sect ion 3.1. S e c o n d , the Hal f -Power 

Bandwidth damping va lues were computed from the Frequency R e s p o n s e 

Spect rum plots extracted from the cross spectrum ana lyses . Third, a sensitivity 

analys is was performed on some of the parameters used in the cross spectrum 

analysis to gain a better understanding of the calculat ions involved in this 

process. 

3.2.1 M a t h C A D Spreadsheet Calculat ions 

A M a t h C A D spreadsheet developed by C . E . Ventura was used to perform the 

spectral analysis calculat ions for the Hal f -Power Bandwidth Method (see 

Append ix B). Page 1 of the spreadsheet summar izes the time history records 

used in the analys is. 

The sampl ing rate, sr, is the number of data points per second for the given 

record. The time step, A , is the reciprocal of the sampl ing rate, l/sr. The 

69 



Chapter 3 Damping Study 

duration of the entire time history record, T, is given by: 

T = A ( M - - l ) (3-3) 

Where Nr is the number of data points in the record. The time history records 

for the base and remote sensor locations are represented by BA and RA, 

respectively. These are plotted at the bottom of page 1 with respect to time. The 

start and stop t imes of the record are adjusted based on the characterist ics of the 

actual record. The start time is not t = 0 in c a s e s for which the record does not 

exper ience significant excitation until a certain time, Tx. 

Page 2 summar izes the portions of the record to be included in the analys is. A 

preliminary calculat ion of power spectra of the two raw time history records is 

presented at the bottom of P a g e 2. The input parameters for this calculat ion 

were the number of over lapping segments , nos , the overlapping factor, of, and 

the smooth factor, sm. By trial and error, it was determined that setting nos = 2 

and of = 0.99 y ielded optimal results; ie. the power spectrum was calculated for 2 

overlapping segments , each encompass ing 9 9 % of the selected portion of the 

entire record. At first, a smooth factor of sm - 3 was used to produce a smoother 

FRF plot, from which the peaks could be identified. Later, a smooth factor of 

sm = 1 was used to extract a more realistic representation of the FRF plot. 

3.2.2 The Hal f -Power Bandwidth Method 

The Hal f -Power Bandwidth Method is a procedure used to approximate damping 
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in structures with relatively low damping. For harmonic motions, there is one 

defined natural f requency which can be identified directly from the time history 

records. S ince earthquake ground motions are transient, the natural f requencies 

cannot be determined directly from the input records. In order to solve this 

problem, the Fourier Transforms of the time history records of the ground motion 

and response of the system are used. 

For S D O F systems subjected to harmonic excitation, the Hal f -Power Bandwidth 

damping is computed as fol lows: 

Y _ fb fa (rX_r)\ 
4> HPBW ~ „ r V 5 / 

Where fa and fh are the forcing f requencies on either s ide of the resonant 

frequency, fn, on the Frequency R e s p o n s e Factor (FRF) plot, for which the 

FRF 
amplitude of the F R F curve is equal to — j ^ - . By inspect ion, 

V 2 

FRFmax = FRF{f = fn) ( 3 -3 ) 

The F R F , expressed as a function of frequency, is computed by performing a 

Fourier Transform of the power spectra of the time histories for the base and 

remote locations. The M a t h C A D spreadsheet presented in Sect ion 3.2.1 was 

used to perform these calculat ions (see Appendix B). 

The structures being analyzed in this study are not S D O F systems, nor are the 
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ground motions harmonic. Therefore, it was necessary to justify the use of the 

Hal f -Power Bandwidth Method for estimating the damping in these complex 

structural sys tems. This justification, which was presented in Sect ion 3.1.2, 

supports the applicability of the Hal f -Power Bandwidth Method to multiple-

degree-of- freedom (MDOF) sys tems such as multi-story high-rise structures. 

3.2.3 Sensit ivity of M a t h C A D Analys is Parameters 

For the records from the two dams in North Amer i ca , a sensitivity analys is was 

performed to evaluate the effect of varying the smoothing factor, sm, and the 

portion of the record to be analyzed. Three different segments of the record 

were analyzed to check if any differences in the resulting F R F plots could be 

identified: 

1. Entire Record : The entire record from t = 0 

2. Forced Vibrat ion: The portion of the record with significant ground motion 

3. Free Vibrat ion: The portion of the record from the end of significant 

ground motion 

The purpose of this analysis was to test whether peaks in the F R F plots could be 

attributed to speci f ic portions of the records. It was hypothesized that provided 

the ground motion was sufficient, the natural f requency of the system would 

appear in the Free Vibration component of the record. This behavior is expected 

because during the Forced Vibration component of the Record , the ground 

motion itself may interfere with the reactions at the base and remote 
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accelerogram sensors . During the Free Vibration component , there is minimal 

interference and the sensors are more able to capture the natural damped 

vibration of the sys tem. 
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3.3 D I S C U S S I O N O F R E S U L T S 

The North Amer ican dams were tested first. The Hal f -Power Bandwidth damping 

va lues of these records were found to be much lower than the original prediction 

of 10%. The Detroit Dam was found to have a Hal f -Power Bandwidth damping 

ranging from 0.2% to 1.2%. The Lower Crystal Spr ings Dam was found to have 

a Hal f -Power Bandwidth damping ranging from 0 .1% to 0.6%. S o m e possible 

reasons for these low damping va lues are listed below: 

1. The ground motions for the records were not strong enough to trigger 

inelastic response of the gravity dam system. A s a result, the amount of 

energy dissipat ion, or damping, was minimal. 

2. The peaks in the F R F plots were identified visually, because they were 

narrow, sharp, and easi ly identifiable by the human eye. For sys tems with 

10% structural damping, the corresponding peaks in the F R F plots would 

have to be shorter and broader, in order to yield Hal f -Power Bandwidth 

damping va lues in the range of 10%. A s a result, many of the true peaks 

may have gone undetected, s ince these peaks were too short to be easi ly 

identified in the F R F plot. 

3. The Hal f -Power Bandwidth Method is useful for approximating natural 

f requencies and damping va lues for S D O F systems, but a more advanced 

analys is is required for sys tems as complex as gravity dams . 

S ince statements 2 and 3 question the reliability of the methodology used , it was 

decided to first test whether statement 1 was correct. To test whether the ground 
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motions were not strong enough to trigger inelastic response of the gravity dam 

system, additional time history records from seven J a p a n e s e dams, each 

experiencing significant ground motions, were analyzed in the s a m e manner as 

the Detroit Dam and Lower Crystal Spr ings D a m . 

3.3.1 Detroit Dam 

The Detroit Dam was found to have Hal f -Power Bandwidth damping va lues 

ranging from 0.2% to 1.2%. Table 3-3 summar izes the Hal f -Power Bandwidth 

damping values computed from the peaks identified on the F R F curves for the 

Detroit Dam time history records. This figure a lso shows a compar ison of the 

va lues computed for the entire record to those calculated for the forced and free 

vibration components of the record. Figure 3-4a presents this compar ison 

graphically, showing the plots for the three portions of the record within a set 

f requency range (4.5Hz< f <\0Hz) within which the fundamental f requency of 

the structure is expected to be found. Certain peaks within this f requency range 

were identified as potential natural f requencies for the structure. Tab le 3-4 

summar izes the agreement of the peaks in the F R F plot for the entire record with 

the Free and Forced Vibration components of the record. 
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TABLE 3-3: Detroit Dam - Half-Power Bandwidth Damping Summary 
Mathcad File - Acceleration 
Raw Data Type 
Station No. 
Earthquake Name: 

• Time: 

detroit dam - 93sm - acc usds entire.mcd 
Corr. Accelerogram Data 
2133A 
Scotts Mills 
March 25, 1993, 01:34 P M PST 

Orientation: US /DS 
Epicentral Distance (km): 45 
ML: 5.6 
M S : 5.4 

Station 1 - Base Gallery Level 1 Gallery Level 1 Gallery Level 1 
Station 2 - Remote Gallery Level 7 Gallery Level 7 Gallery Level 7 
Portion of Record Entire Free Forced 
Start Time 4 10 4 I 
Stop Time 31.54 31.54 10 
Duration 27.54 21.54 6 
# Points 5509 4309 1201 
Time Interval (sec) 0.005 0.005 0.005 
No of Overlappinq Seqments, 2 2 2 
OverlaDDina Factor, of (0<of<1) 0.99 0.99 0.99 
Smoothinq Factor, sm i 1 1 
No. of Hanninq Coefficients, NB 40 40 40 
Type of Record Acceleration Time History Acceleration Time History Acceleration Time History 

Frequency 
Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

f (Hz) f (Hz) FRF™, f(Hz) F R F „ , f(Hz) FRF™, 

4.5 4.54 4.6 
4.6 4.63 8.2 
4.7 
4.8 
4.9 
5.0 
5.1 5.07 8.7 
5.2 
5.3 5.25 6.0 5.29 7.2 
5.4 5.35 5.8 
5.5 5.47 9.8 
5.6 5.57 8.7 5.57 7.6 
5.7 
5.8 5.77 6.5 5.82 16.7 
5.9 5.92 5.2 5.91 9.2 
6.0 6.04 5.2 
6.1 6.11 7.0 6.09 15.1 
6.2 6.20 14.2 
6.3 6.31 15.4 
6.4 
6.5 6.49 21.1 
6.6 6.60 48.5 6.62 53.1 
6.7 6.68 30.1 
6.8 6.79 327.1 6.80 18.6 6.75 32.3 
6.9 6.93 86.1 6.93 17.7 
7.0 7.01 11.0 
7.1 7.08 13.4 
7.2 7.15 10.1 7.27 29.4 7.22 6.5 
7.3 7.35 7.0 
7.4 7.36 7.3 
7.5 7.50 13.5 
7.6 7.55 10.6 7.64 9.6 7.60 8.3 
7.7 7.67 16.3 
7.8 7.77 4.8 7.83 7.9 
7.9 7.89 4.4 
8.0 
8.1 
8.2 
8.3 8.32 8.3 8.30 13.4 
8.4 
8.5 
8.6 8.58 6.7 8.58 17.3 
8.7 8.66 12.8 
8.8 8.77 10.7 8.81 8.8 
8.9 8.88 14.6 
9.0 8.99 13.4 9.04 7.6 8.97 6.4 
9.1 9.15 9.0 
92 
9.3 
9.4 9.38 14.0 
9.5 9.53 22.1 9.49 7.8 9.51 6.0 
9.6 9.61 6.9 
9.7 
9.8 
9.9 

Best Estimate 
of Damping,;, 

0.32% 
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TABLE 3-4: Detroit Dam: Agreement of Time 
History Record Components 

f(Hz) CHPBW 

Agreement 
with Free 
Vibration 

Component 

Agreement 
with Forced 

Vibration 
Component 

4.62 0 .93% No No 
5.57 1.15% Y e s Not C lea r 
6.09 0 .93% Y e s No 
6.49 0 .40% Not C lea r Not C lea r 
6.60 0 .25% Y e s Not C lea r 
6.68 0.44% Not C lea r Not C lea r 
6.79 0.17% Yes Not Clear 
6.93 0.17% Y e s Not C lea r 
7.01 0 .21% No Not C lear 

Al though the F R F plots for the Free and Forced Vibration components of the 

record are less clear, the peaks of the F R F plot for the entire record have a better 

fit to the F R F plot for the Free Vibration component. This may suggest that the 

Hal f -Power Bandwidth damping is more dependent on the Free Vibration 

component of the time history record. 

The best estimate natural f requency for the Detroit Dam was selected as 6.79 

Hz , which corresponds to the maximum peak Accelerat ion F R F result within the 

set f requency domain . The corresponding Hal f -Power Bandwidth damping value 

is 0.17%. This damping value is relatively low, due to the sharp, narrow shape of 

the Accelerat ion F R F curve at this point. 
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TABLE 3-5a: 

Mathcad File - Acceleration 
Raw Data Type 
Station No. 
Earthquake Name: 

h Time: 

Lower Crystal Springs Dam, Right 1/4 Length Point-
Half-Power Bandwidth Damping Summary 

lower crystal springs - 89lp - acc usds entire.mcd 
Corr. Accelerogram Data Orientation: US/DS 
58233 Epicentral 18 
Loma Prieta ML: 7 
October 17, 1989, 05:04 P M PST MS: 7.1 

Station 1 - Base Dam Base Dam Base Dam Base 
Station 2 - Remote Crest, Right 1/4 - Length Crest, Right 1/4 - Length Crest, Right 1/4 - Length 
Portion of Record Entire Free Forced 
Start Time 6 22 6 
Stop Time 39.98 39.98 21.98 
Duration 33.98 17.98 15.98 
# Points 1700 900 800 
Time Interval (sec) 0.02 0.02 0.02 
No of Overlapping Seqments, 2 2 2 
Overlapping Factor, of (0<of<1) 0.99 0.99 0.99 
Smoothing Factor, sm 1 1 
No. of Hanninq Coefficients. NB 40 40 40 
Tvoe of Record Acceleration Time History Acceleration Time History Acceleration Time History 

Frequency Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

f(Hz) f(Hz) FRF™ i (Hz) FRF™, f(Hz) FRF™, 

4.5 
4.6 
4.7 
4.8 
4.9 
5.0 
5.1 5.12 3.1 
5.2 
5.3 
5.4 5.38 7.6 5.37 4.4 
5.5 
5.6 5.56 7.8 
5.7 
5.8 
5.9 
6.0 
6.1 6.07 6.7 
6.2 
6.3 
6.4 6.44 3.9 
6.5 6.49 5.9 
6.6 6.65 3.7 
6.7 6.65 5.4 
6.8 
6.9 6.89 5.4 
7.0 
7.1 7.14 6.5 
7.2 
7.3 
7.4 
7.5 7.49 8.6 7.51 10.9 
7.6 
7.7 7.72 4.4 
7.8 7.85 6.9 
7.9 
8.0 7.92 11.9 7.98 15.5 
8.1 8.09 10.3 
8.2 
8.3 8.31 10.3 8.34 27.6 
8.4 8.41 11.7 
8.5 
8.6 8.58 11.0 
8.7 8.68 11.5 8.72 17.5 
8.8 8.79 3.2 
8.9 8 8 9 27.4 8.92 15.9 
9.0 8.98 16.1 9.04 9.4 
9.1 9.07 16.9 
9.2 9.28 17.2 
9.3 9.36 21.6 9.26 7.4 

I 9.4 9.42 61.9 9.36 13.6 ! 
9.5 9.54 19.6 9.55 28.8 
9.6 9.66 20.6 
9.7 9.74 7.4 9.71 4.8 9.74 7.0 
9.8 
9.9 9.87 24.5 

Best Estimate 
of Damping, g, 

0.27% I 
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TABLE 3-5b: Lower Crystal Springs Dam, Left 1/3 Length Point -
Half-Power Bandwidth Damping Summary 

Mathcad File - Acceleration 
Raw Data Type 
Station No. 
Earthquake Name: 

- Time: 

lower crystal springs - 89lp - acc usds entire.mcd 
Corr. Accelerogram Data 
58233 
Loma Prieta 
October 17, 1989. 05:04 PM PST 

Orientation: US/DS 
Epicentral 18 
ML: 7 
MS: 7.1 

Station 1 - Base Dam Base bam Base Dam Base 
Station 2 - Remote Crest, Left 1/3 - Length Crest, Left 1/3- Length Crest, Left 1/3- Length 
Portion of Record Entire Free Forced 
Start Time 6 22 6 
Stop Time 39.98 39.98 21.98 
Duration 33.98 17.98 15.98 
# Points 1700 900 800 
Time Interval (sec) 0.02 0.02 0.02 
No of Overlapping Seqments, 2 2 2 
Overiappina Factor, of (0<of<1) 0.99 0.99 0.99 

Smoothing Factor, sm 1 
No. of Hanninq Coefficients, NB 40 40 40 
Type of Record Acceleration Time History Acceleration Time History Acceleration Time History 

Frequency Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

Dominant 
Frequency 

Peak FRF 
Value 

f(Hz) f(Hz) F R F M , f(Hz) FRF™. f(Hz) FRFm„ 

4.5 
4.6 4.55 4.1 
4.7 
4.8 
4.9 
5.0 4.99 3.3 4.96 4.5 4.99 3.7 
5.1 
5.2 
5.3 
5.4 5.37 3.2 
5.5 
5.6 5.56 6.1 
5.7 
5.8 5.78 4.0 
5.9 
6.0 
6.1 6.07 8.1 6.07 4.5 
6.2 
6.3 
6.4 6.41 3.7 6.41 3.7 
6.5 6.47 10.8 
6.6 6.64 4.8 6.64 4.0 
6.7 
6.8 6.80 4.5 
6.9 
7.0 6.99 3.9 
7.1 7.13 6.2 
7.2 
7.3 7.31 8.3 
7.4 
7.5 7.46 4.9 7.52 8.5 
7.6 7.55 6.7 
7.7 
7.8 7.85 7.5 
7.9 7.90 7.2 
8.0 8.03 12.0 7.98 13.1 
8.1 8.09 6.7 
8.2 

! 8.3 8.32 12.1 8.32 9.7 8.35 19.9 
8.4 8.41 24.1 
8.5 
8.6 8.58 10.2 8.59 10.6 8.61 11.6 
8.7 8.70 10.0 8.72 19.0 
8.8 8.81 5.5 
8.9 8.89 38.2 8.90 19.3 
9.0 8.98 13.6 9.03 6.5 
9.1 9.07 16.0 
9.2 
9.3 9.27 20.0 9.32 17.5 
9.4 9.36 23.4 9.44 5.1 
9.5 9.42 67.7 

L_ 9 6 9.54 24.7 9.55 34.0 
9.7 9.66 39.3 9.73 16.2 
9.8 9.74 16.8 
9.9 9.87 31.2 

Best Estimate 
of Damping, |j 

0.28*/. 
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3.3.2 Lower Crystal Spr ings Dam 

The Lower Crystal Spr ings Dam was found to have Hal f -Power Bandwidth 

damping values ranging from 0.1% to 0.6%. Tab les 3-5a and 3-5b summar ize 

the Hal f -Power Bandwidth damping va lues computed from the peaks identified 

on the F R F curves for the Lower Crystal Spr ings Dam time history records, using 

the "Crest, Right 1/4 Length" and "Crest , Left 1/3 Length" points, respectively. 

These figures a lso show a compar ison of the va lues computed for the entire 

record to those calculated for the forced and free vibration components of the 

record. Figures 3-5a and 3-5b present the compar isons graphically, showing the 

plots for the three portions of the record within a set f requency range 

(4.5Hz< f <\0Hz) within which the fundamental f requency of the structure is 

expected to be found. Certain peaks within this f requency range were identified 

as potential natural f requencies for the structure. Tab les 3-6a and 3-6b below 

summar ize the agreement of the peaks in the F R F plot for the entire record with 

the Free and Forced Vibration components o f the record. 
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TABLE 3-6a: Lower Crystal Springs Dam - Crest, 
Right 1/4 Length Point: Agreement of 
Time History Record Components 

f(Hz) CHPBW 

Agreement 
with Free 

Agreement 
with Forced f(Hz) CHPBW Vibration 

Component 
Vibration 

Component 
5.38 0.24% Y e s Y e s 
6.07 0 .25% Not C lea r Y e s 
7.49 0 .59% No Y e s 
7.92 0.30% Yes Yes 
8.41 0.22% No Y e s 
8.68 0 .20% No Y e s 
8.89 0 .15% No Y e s 
8.98 0 .21% No Y e s 
9.07 0 .13% Y e s No 

TABLE 3-6b: Lower Crystal Springs Dam - Crest, 
Left 1/3 Length Point: Agreement of 
Time History Record Components 

f(Hz) £HPBW 

Agreement 
with Free 

Agreement 
with Forced f(Hz) £HPBW Vibration 

Component 
Vibration 

Component 
6.07 0 .21% Y e s Y e s 
7.31 0 .21% No Y e s 
7.55 0.36% Y e s Y e s 
7.90 0.18% No Not C lea r 
8.03 0.16% No Yes 
8.32 0.14% Y e s Y e s 
8.41 0 .13% No No 
8.58 0.28% Y e s Y e s 
8.70 0.56% No Not C lea r 

For the Lower Crystal Spr ings Dam records, the peaks of the F R F plot for the 

entire record do not fit to either the Free or Forced Vibration components. 

However, there are certain f requencies at which there is good agreement 

between the plots, and indicate the possibility of these being natural f requencies 

of the system. 

81 



Chapter 3 Damping Study 

Figure 3-5c shows the F R F plots for the Crest-Right and Crest-Left time history 

ana lyses . The two F R F plots are very similar in that most of the peaks are 

dupl icated in both plots. This is as expected, s ince both sensor locations are 

adjacent to each other, on either side of the center crest. Table 3-7 below 

summar izes the Hal f -Power Bandwidth damping va lues for the F R F peaks for the 

Crest-Right and Crest-Left time history records. 

The best estimate natural f requency for the Lower Crystal Spr ings Dam was 

selected as 8.00 Hz, which corresponds to one peak which was apparent in both 

the Crest-Left and Crest-Right Accelerat ion F R F plots. The corresponding Half-

Power Bandwidth damping value is approximately 0.28%. This damping value is 

relatively low, due to the sharp, narrow shape of the Accelerat ion F R F curve at 

this point. 
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TABLE 3-7: Lower Crystal Springs Dam: 
Comparison of Half-Power 
Bandwidth Damping Values for 
Crest-Right and Crest-Left 
Components 

f(Hz) 
CHPBW for 

Crest, Right 
1/4 Length 

Point 

CHPBW for 
Crest, Left 
1/3 Length 

Point 
Difference 

5.38 0 .25% 0 .61% 0.36% 
6.75 0 .31% 0.37% 0.05% 
6.90 0.14% 0.25% 0 .11% 
6.97 0 .50% 0.62% 0.12% 
7.28 0 .27% 0.30% 0 .03% 
7.48 0 .11% 0 .11% 0.00% 
7.91 0.16% 0.29% 0.12% 
8.89 0 .10% 0.09% 0.00% 
8.97 0 .12% 0.12% 0.00% 
9.42 0 .15% 0 .13% 0.02% 
9.55 0 .12% 0 .11% 0 .01% 
9.60 0 .15% 0.12% 0 .03% 

3.3.3 Sensitivity of Smooth ing Factor 

The smoothing factor, sm, was used primarily for identifying peaks on the F R F 

plots. Figure 3-4b presents a compar ison of two F R F plots for the Detroit Dam 

records; one having sm = 3, the other having sm = \. By inspect ion, the F R F 

curve for sm = 3 is much smoother than for sm = 1, with peaks that are less 

sharp. A lso , it was found that the Hal f -Power Bandwidth damping va lues were in 

the order of 3 t imes larger than those for sm = 1. This was probably the direct 

effect of the smoothing factor creating shorter and broader peaks in the F R F 

plots. Table 3-8 below summar izes the ratio of mean Hal f -Power Bandwidth 

damping values for sm = 3 and sm = 1. 
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TAB LE 3-8: Effects of Varying Smoothing Factor 
# Dam Record (CHPBw)avg 

for sm=1 
(ClHPBw)avg 

for sm=3 
Ratio 

1 Detroit Dam 0.5% 1.1% 2.2 
2a Lower Crystal Spr ings 

Dam - Right 0 .2% 0.6% 3.9 
2b Lower Crystal Spr ings 

Dam - Left 0 .2% 0.5% 2.3 
3 Ch iya Dam 0.3% 0.7% 2.3 
4 Kashou Dam 1.0% N/A N/A 
5 A m e y a m a Dam 0.3% 0.8% 2.4 
6 Takase Dam 0.2% 0.4% 2.2 
7 Tsuruda Dam 0.6% 0.7% 1.1 
8 S u g e s a w a Dam 0.5% N/A N/A 
9 Hitokura Dam 1.4% 2 . 1 % 1.5 
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3.4 C O N C L U S I O N S 

A n analytical study involving the Hal f -Power Bandwidth method of estimating 

damping in concrete gravity dams was performed successful ly . The objectives of 

this study were to test this method of evaluating structural damping and to 

recommend a reasonable estimate of structural damping in concrete gravity 

dams. The conclus ions that can be made from this study are as fol lows. 

3.4.1 Regarding the C r o s s Spect rum Ana lys is 

• The M a t h C A D worksheet employed mathematical ly sound formulae to 

perform the cross spectrum computat ions for the subsequent ana lyses in 

study. 

• The peaks in the F R F plots were identified visually. A s a result, only those 

peaks exhibiting sharp, narrow characterist ics could be identified. It is 

possible that many peaks were undetected, due to their shape (short and 

broad) and location in the F R F plots. S u c h peaks are expected to have 

larger damping va lues when formulated by the Hal f -Power Bandwidth 

Method. 

3.4.2 Regarding the Hal f -Power Bandwidth Method 

• The Hal f -Power Bandwidth Method is a mathematical procedure used to 

calculate damping for S D O F damped sys tems subjected to harmonic 

excitation. It is unknown whether this method is appl icable to a structural 

system with the complexity of a concrete gravity dam. 

85 



Chapter 3 Damping Study 

• The damping va lues computed by the Hal f -Power Bandwidth Method were 

found to be much lower than expected (less than 2%) and therefore, 

unrepresentative of the actual damping present in the concrete gravity 

dams analyzed in this study. 

3.4.3 Regard ing the Est imated Damping Va lues 

• The est imated damping va lues calculated by the Hal f -Power Bandwidth 

Method were lower than the expected value of 5-10%. Due to relatively 

low P e a k Ground Accelerat ions for the time history records ( P G A < 0.2g 

for all dams except for Kashou) , this result is as expected. It was 

concluded that damping exhibited by a structure is proportional to the level 

of ground excitation during an earthquake, and that 10% damping is 

possible in structures subjected to larger P e a k Ground Accelerat ions 

( P G A > 1 g ) . 

• There were problems assoc ia ted with the identification of natural 

f requencies, or peaks in the F R F plots, s ince the only peaks selected for 

analysis were tall, sharp peaks, representative of components of the 

structure with little or no damping. Alternatively, the shorter, broader 

peaks did not extend past the upper envelope of the F R F plots, and 

therefore were not easi ly identifiable. 
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3.5 R E C O M M E N D A T I O N S 

There is a wide variety of work that could be done in continuation of this study. 

S o m e recommendat ions for future work on this topic are: 

1. Investigation into other methods of calculat ing or approximating damping 

for complex structural sys tems ( M D O F ) . 

2. More detailed numerical analysis to al low for eas ier identification of natural 

f requencies in the F R F plots. 

3. Complementary structural analysis (Finite Element Modeling) to provide 

additional verification of the damping formulation methods. This would 

require creating a 3D model given some initial damping value, applying a 

ground motion, analyzing the responses of the base and crest locations, 

plotting the F R F , identifying possible natural f requencies, estimating the 

damping, and compar ing the resulting damping with the damping initially 

entered in the model . 
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FIGURE 3-2a: Chiya Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2b: Kashou Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2c: Ameyama Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2d: Takase Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2e: Tsuruda Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2f: Sugesawa Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-2g: Hitokura Dam - Recorded Motions at Crest (T1) and 
Foundation (F1) 
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FIGURE 3-3: SAP Model of 6-Story 3-D Rigid Frame 
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FIGURE 3-4a: Detroit Dam: 
Comparison of FRF Plots for Various Components of Time History Record 
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FIGURE 3-4b: Detroit Dam: 
Comparison of FRF Plots for Various Smoothing Factors (sm) 
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FIGURE 3-5a: Lower Crystal Springs Dam - Crest, Right 1/4 Length Point: 
Comparison of FRF Plots for Various Components of Time History Record 
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FIGURE 3-5b: Lower Crystal Springs Dam - Crest, Left 1/3 Length Point: 
Comparison of FRF Plots for Various Components of Time History Record 
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FIGURE 3-5c: Lower Crystal Springs Dam: 
Comparison of FRF Plots for Crest-Right and Crest-Left Time History Record 
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Chapter 4 

Shear Key Study 

4.0 I N T R O D U C T I O N 

This is an exploratory study, investigating the process of model ing shear key 

joints in concrete monolith dams using the L S - D Y N A finite element software [S1]. 

Concrete gravity dams are constructed in a sequence of blocks that are al igned 

adjacent to one other ac ross the reservoir valley. In the event of an earthquake, 

significant shear and bending loads are transferred at the interfaces between 

blocks, as a result of hydrostatic and hydrodynamic loads, inertial loads, etc. A s 

a result, shear keys are often incorporated into these joints to accept this loading 

to prevent sliding between blocks in the upstream-downstream plane of motion. 

In a case study of Rusk in Dam in British Co lumb ia , C a n a d a , the shear transfer 

loads were determined at the interfaces between blocks. The case study dam 

consists of 8 monolithic blocks, implying there are 7 interfaces along which 

vertically-oriented shear keys transfer the majority of the shear load between 

adjacent blocks. In studies performed by B C Hydro [17], it was determined that if 

the dam was subjected to an accelerat ion of 1.27g, the maximum shear transfer 

along the dam would be approximately 2.0 M P a , which occurs near the left 

abutment. Fai lure of the system of shear keys at any interface could result in 

local s l ippage, increasing the chance of breach of the dam. Breach of the dam 
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structure could cause severe f looding in the vicinity of the dam and endanger the 

lives of recreational users in the river below. 

In this study, the author will present the process of model ing and testing the 

shear capacity of the shear keys using the L S - D Y N A finite element software. 
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4.1 B A C K G R O U N D I N F O R M A T I O N 

4.1.1 Load Shar ing Study 

A load sharing case study of Rusk in Dam was performed by the author in 

cooperat ion with the Dam Safety Engineer ing group at B C H y d r o in summer 

2002, to determine the amount of shear force transferred between dam blocks 

under various loading condit ions in an existing dam in Miss ion, B C . Figures 4-1 a 

and 4-1 b show the ful l-scale A N S Y S 3D finite element model of the dam, used to 

perform two pushover ana lyses ; one for the Design Bas is Earthquake (DBE) 

peak spectral accelerat ion of 0.56g and one for the Max imum Design Earthquake 

(MDE) peak spectral accelerat ion of 1.27g. The total shear loads were 

calculated at each interface between adjacent dam blocks and at each interface 

between dam block and foundation. Figures 4 -2a and 4-2b show the results of 

this study for the D B E and M D E level ear thquakes, respectively. 

It was found that the max imum shear force transfer occurs at the interface 

between dam blocks 3 and 4. The maximum shear stress transfer occurs at the 

interface between dam blocks 7 and 8. This is due mostly to the reduced 

effective area of the shear keys. The shear s t resses transferred by the shear 

keys at this location are approximately 1.3 M P a for the D B E loading and 2.0 M P a 

for the M D E loading. 
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4.1.2 Shear Key Propert ies 

The shear keys in the Rusk in Dam are 5 feet (1.5 m) in width, 1 foot (0.3 m) in 

depth, and extend along the height of the dam. There is a 1/12 gradation on 

either side of each key. Figure 4-3 shows a typical layout of shear keys at the 

cross sect ion of an interface between dam blocks. 

4.1.3 Predicted S h e a r Key Fracture S e q u e n c e 

Prior to investigating the shear key problem, it is important to understand the 

mechan ics behind shear key failure. In two papers by Kaneko [10, 11], the 

author presents the theory behind the shear-off fracture sequence in concrete 

shear keys and provides physical verification from experimental work and finite 

element analytical work on a shear key model . This is the fracture sequence that 

is expected to occur when the shear capacity of the system of shear keys is 

exceeded at any location of the dam. In his compar ison study, Kaneko found 

good agreement between the theoretical fracture sequence and both F E M 

analys is and experimental work. He conc luded that this fracture sequence can 

be used as a reliable method of predicting the response of shear key joints. 

4.1.3.1 Shea r Key Fracture Sequence 

From previous experimental work by Bakhoum [2] involving shear-off failure of 

plain or fiber-reinforced concrete shear key joints, two distinct cracking 

mechan isms have been observed: 
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1. S crack - a large single curvil inear crack propagating diagonally from the 

base of the compress ion interface of the shear keys 

2. M cracks - relatively short d iagonal multiple cracks, occurring along the 

predicted shear-off fracture plane. 

Figure 4-4a shows the cracking sequence observed this experimental work. This 

crack pattern has also been observed in various other experimental works and 

occurs in the following sequence . 

1. Dominated by S Crack 

2. Transit ion between S Crack and M Cracks 

3. Dominated by M Cracks 

4. Fai lure 

Figure 4-4b shows the 4 phases of the cracking sequences for observed and 

ideal ized cracking. 

P h a s e 1 - Dominated by S Crack 

Upon initial loading, the corner of the shear key undergoes tensile s t resses 

leading to propagation of the S crack. With continued shear loading, the S crack 

theoretically fol lows a curvil inear crack path that begins diagonal ly and curves 

towards the direction of the shear loading. For model ing purposes, this S crack 

can be ideal ized as an inclined linear crack. At a certain lead, an equil ibrium is 

ach ieved within the sys tem, caus ing an impedance of the S crack propagation. 
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P h a s e 2 - Transit ion between S Crack and M Cracks 

The formation of the S crack changes the load path within the shear key, leading 

to the development of stress concentrat ions along the shear key base. This 

leads to the propagation of short, multiple c racks, or M cracks, along the shear 

key base . It can be assumed that the propagating M cracks are evenly 

distributed along the key base. However, due to additional bending s t resses, 

there is a tendency for the propagation of M cracks to be initiated at the back end 

(furthest from the S crack) of the shear key. 

P h a s e 3 - Dominated by M C racks 

Upon further shear loading, the existing M cracks continue to rotate about the 

principal stress axis, caus ing the crack opening d isplacement and compress ive 

strain of the segments between M cracks to increase continuously. 

P h a s e 4 - Fai lure 

With even further increase of shear loading, the segments between M cracks 

undergo compress ive crushing failure, leading to final failure of the shear key. 

4.1.3.2 Verif ication of Theoret ical Fracture Sequence : Phys ica l Exper iment 

In his physical experiment, Kaneko tested a smal ler sca le model of a single 

shear key configuration under unidirectional loading. In total, 15 plain concrete 

shear keys were tested. The shear keys were oriented such that the load was 

appl ied vertically. The shear keys were 76.2 mm wide, 82.6 mm long, and 31.8 
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mm in depth. There is a 1/2 gradation on either side of each key. The base of 

the male shear key component was 98.4 mm. Figure 4-5a shows the orientation 

of the shear keys in the Kaneko experiment. 

Figure 4-5b shows the general cracking sequence exhibited by the plain concrete 

shear key model . This figure shows good agreement with the theoretical 

cracking sequence in (I) S Crack propagation, (II) transition between S Crack and 

M Cracks , and (III) complete M Crack propagation. 

4.1.3.3 Verif ication of Theoret ical Fracture Sequence : Analyt ical Exper iment 

In his finite element analysis experiment, Kaneko tested the single shear key 

configuration from the physical experiment using the D IANA finite element 

software (Version not avai lable). The geometry of the shear key male 

component was modeled with larger square elements for the body sect ion, 

smal ler triangular e lements for the elements along the predicted shear failure 

plane, and quadrilateral e lements for the head of the shear key. Figure 4 -6a 

shows the configuration and geometry of the F E M model . 

Figure 4-6b shows the cracking pattern of one of the test spec imens for different 

vertical d isp lacements. There is good agreement with the cracking pattern 

exhibited in the physical experiment and with the theoretical cracking pattern. In 

Figure 4-6b(a), the S Crack has propagated in the upper s ide of the shear key 

base at a vertical d isp lacement of 0.3 mm. In Figure 4-6b(b), the S Crack has 
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fully propagated, and M Crack has initiated at a vertical d isp lacement of 0.4 mm. 

In Figure 4-6b(c), the M Crack propagation cont inues as the S Crack propagation 

has stopped, at a vertical d isplacement of 0.58 mm. 
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4.2 M E T H O D O L O G Y 

Using an existing concrete monolith dam as a basis, a project was undertaken to 

estimate the capacity of the shear keys at the interfaces between dam blocks. It 

was initially proposed to conduct a physical experiment to simulate actual 

condit ions of a single shear key subjected to various loading condit ions. 

However, due to budget limitations, this experiment was not real ized. A n 

analytical experiment was then proposed, using the L S - D Y N A finite element 

software to model the shear keys under various loading condit ions. 

The L S - D Y N A Finite Element Software was used to generate models of the 

shear keys and to run analyses on them. In total, 31 models were generated; 

however, only 11 of these models yielded reasonable analytical results. The 

models were titled based on order of creation. Starting with the first ser ies of 

models (3d2701), the title was changed whenever a major change was 

incorporated into the model . Hereafter, the models will be referred to as fol lows. 

1. Model 1: 3d27-05a 

2. Model 2: 3d27-05b 

3. Mode l 3: 3d27-05c 

4. Model 4: 3d27-08a 

5. Model 5: 3d27-08b 

6. Model 6: 3d27-10a 

7. Model 7: 3d27-11b 

8. Model 8: 3d27-001c 
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9. Model 9: 3d27-001d 

10. Model 10:3d27-001d2 

11. Model 11:3d27-001d3 

This study was mainly a sensitivity analys is that was performed in order to test 

the impact of altering various parameters in the model . The purpose of this 

sensitivity analys is was to refine the model as best as possible before extracting 

the desired output data. The main parameters investigated in this study were: 

1. Geometry 

2. Material Mode ls 

3. Contact E lements 

4. Load Protocols 

5. Boundary Condi t ions 

4.2.1 Geometry 

Starting with a basic geometry, the first model was deve loped. The geometry for 

this model was based on the actual d imens ions of the individual shear keys as 

presented in Sect ion 4.1.2. Due to symmetry of the shear keys, it was only 

necessary to attempt to induce failure in one of the shear keys. Accordingly, it 

was dec ided that only the behavior of the male component was desi red. A s a 

result, the female component was initially modeled with a much coarser element 

mesh than the male component. Figure 4-7a shows the geometry used for 

models 1-3. 
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Initially, s ince it was desired to induce failure in only the male component , the 

elements in the male component were smal ler than those in the female 

component. The elements in the male component were 3" x 3" (76.2 mm x 76.2 

mm) and the elements in the female component were 6" x 6". 

There were two major changes in geometry during this study. The first change 

was implemented in Model 4, as shown in Figure 4-1 Oa. The second change 

was implemented in Model 5, as shown in Figure 4 -11a . These changes were 

implemented to improve the accuracy of the results and to optimize the speed of 

the analysis runs. 

The first major change in geometry involved reducing the s ize of the elements, 

removing a large sect ion of elements, and adding a loading plate. It was dec ided 

that to improve the accuracy of the analytical results, a denser element mesh 

was necessary . A s such , the elements in the male component were reduced in 

s ize from 3" x 3" (76.2mm x 76.2mm) to 1" x 1" (25.4 mm x 25.4 mm); the 

elements in the female component were reduced from 6" x 6" (152.4 mm x 152.4 

mm) to 1" x 1" (25.4 mm x 25.4 mm). It was also dec ided to remove a large 

sect ion of the shear key model , to signify the effective contact width of each 

shear key. It was a lso dec ided to add a loading plate to the front surface of the 

male component. This was added to ensure that the load was appl ied evenly 

along that surface. 
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The second major change in geometry involved reducing the s ize of the female 

component. It was decided that the purpose of the female component was not to 

undergo failure, but to induce failure in the male component. A s such , a 54" 

(1.37 m) sect ion of e lements from the bottom of the female component was 

removed. To ensure failure would not occur in the female component , the 

degrees of f reedom were constrained from all translation and rotation. 

4.2.2 Material Mode l 

Initially, an ideal ized l inear elastic material model was used to represent the 

concrete material compris ing the shear keys. In later vers ions of the shear key 

model , var ious other material models were used to represent the non-l inear 

phase of the shear key response. A rigid material model was used to represent 

the loading plate, which was assumed to be compr ised of steel, to simulate 

laboratory condit ions in a physical experiment. 

The initial material model for the male and female shear key components was a 

linear elastic material with properties based on non-reinforced concrete. 

• M a s s Density, p 2400 k g / m 3 

• Young 's Modulus, E 25 G P a 

• Po isson 's Ratio, v 0.15 
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Var ious other material models were tested. 

• Concrete Damage: 

• So i l /Concrete : 

• Kinemat ic Hardening C a p Mode l : 

used to model concrete structures 

exper iencing damage under extreme 

loading 

used to model various soil and 

concrete materials 

used to model the kinematic 

hardening cap for concrete subjected 

to external pressure 

However, the use of these material models led to errors in the analys is runs, 

possible due to insufficient availability of information. 

The material model for the loading plate was a rigid material with properties 

based on structural steel. 

• M a s s Density, p 7830 k g / m 3 

• Young ' s Modulus, E 207 G P a 

• Po isson ' s Rat io, v 0.28 

4.2.3 Contact E lements 

Contact e lements were introduced into Model 2 and were altered throughout the 

model ing process. The first type of contact element used in the model al lowed 

for sl iding-only behavior between the master and slave elements; the master 
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referring to the moving segment and the s lave referring to the passive segment. 

In Model 3, a surface-to-surface contact element was introduced to model the 

different behavior at the compress ion portion of the contact surface. Another 

surface-to-surface contact surface was introduced for the load plate added in 

Model 4. 

The input parameters for the contact sur faces were extracted from previous 

experimental work for concrete-to-concrete contact. 

• Static Coeff icient of Friction, 0.75 

• Dynamic Coeff icient of Friction, \id 0.70 

It was found that the sliding contact sur faces exhibited separat ion under larger 

loading. However, s ince the shear keys are mostly confined from lateral 

separat ion due to adjacent dam blocks, this is not a realistic result. A s such , the 

contact surface between the male and female components was changed to 

surface-to-surface contact e lements along the entire surface. 

4.2.4 Load Protocols 

Initially, it was intended to test three load protocols for the shear key experiment. 

• Monotonic Loading 

• Cyc l ic Loading 

• Earthquake Loading 
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However, due to the complexity of the finite element models, this was reduced to 

just monotonic loading to optimize the run time. 

At first, an inertial load protocol was tested on the model , by imposing a linearly 

increasing accelerat ion on the male component , while restraining the female 

component. In the later models , a linearly increasing load protocol was appl ied 

to a loading plate on one side of the male component . Table 4-1 below 

summar izes the load protocols for the later models. 

T A B L E 4-1: Load Protocols 
Model Start time, End time, Start Load, End Load, 

ti (s) t 2(s) Pi (N) P 2 (N) 
4 (3d27-08a) 0 20 0 1,000 
5 (3d27-08b) 0 20 0 10,000 
6 (3d27-10a) 0 20 0 2,000,000 
7 (3d27-11b) 0 20 0 20,000,000 

8 (3d27-001c) 0 10 0 20,000,000 
9 (3d27-001d) 0 10 0 200,000,000 

10 (3d27-001d2) 0 10 0 40,000,000 
11 (3d27-001d3) 0 10 0 80,000,000 

4.2.5 Boundary Condi t ions 

The term "boundary condit ions" refers to the constraint condit ions of the degrees 

of f reedom for the nodes in the model . The coordinate system used for these 

models is shown on each figure, with the posit ive-X direction pointing right, the 

posit ive-Y direction pointing up, and the posit ive-Z direction pointing 

perpendicular to the plane of the figure. Initially, the exterior nodes of the female 

component were constrained from all D O F s . The interior nodes of the female 
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component were constrained from Y-translat ion, Z-translation, X-rotation, and Y -

rotation. In the male component, the exterior nodes were constrained from all 

D O F s except for X-translation and the interior nodes were constrained from Y -

translation, Z-translation, X-rotation, and Y-rotat ion. This was considered to be 

consistent with the D O F constraints in the proposed physical model . 

In Model 4 (see Figure 4-1 Oa), the loading plate was constrained from all D O F ' s 

except for X-translat ion, to ensure that the load imposed on the male component 

was unidirectional. In Mode l 5 (see Figure 4-11a), it was decided to constrain all 

D O F s in the female component, in order to reduce the s ize of the model and to 

isolate the failure mechan ism to the male component. This set of boundary 

condit ions was used for the models generated thereafter. 
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4.3 R E S U L T S 

The earliest models (3d27-01 to 3d27-04) were unable to yield results, due to 

errors or inconsistencies with the analysis program. The first model to produce a 

valid analys is run was Model 1. This sect ion will d i scuss the main analys is 

results of each of the models. Of 31 models generated, only 11 were capable of 

yielding results. 

1. Model 1: 3d27-05a 

2. Model 2: 3d27-05b 

3. Model 3: 3d27-05c 

4. Model 4: 3d27-08a 

5. Model 5: 3d27-08b 

6. Model 6: 3d27-10a 

7. Model 7: 3d27-11b 

8. Model 8: 3d27-001c 

9. Model 9: 3d27-001d 

10. Model 10: 3d27-001d2 

11 Model 11: 3d27-001d3 

The results from Model 10 (see Figure 4-16a) were the most realistic of those 

presented in this chapter. The stress patterns developed at the right side of the 

shear key are representative of those necessary to initiate propagation of the S -

crack. However, the magnitudes of both the compress ive and tensile s t resses 

(>1000MPa) far exceed the compress ive and tensile strengths of structural 

118 



Chapter 4 Shear Key Study 

concrete (25 M P a and 2.5 M P a , respectively). This result is likely due to the 

material model used in the study. 

A l inear-elastic material model , with properties based on structural concrete, was 

used in the models . A s part of the sensitivity analys is , var ious other material 

models were tested. However, use of more complex models led to instabilities in 

the model . 

Based on the expected cracking pattern of the shear keys presented in Sect ion 

4.1 .1 , the stress patterns that develop around the right of the shear key are 

reasonable. A large compress ive stress concentrat ion coupled with a large 

tensile stress concentrat ion is representative of fracture condit ions in concrete. 

4.3.1 Model 1 (3d27-05a) 

Figure 4-7a shows Model 1 in its unloaded state. Mode l 1 consisted of a male 

component with approximately 76.2 mm x 76.2 mm elements and a female 

component with approximately 152.4 mm x 152.4 mm elements. 

The male and female components were composed of the same elast ic material 

with properties consistent with structural concrete. 

• M a s s Density, p 2400 k g / m 3 

• Young 's Modulus, E 25 G P a 

• Po isson 's Rat io, v 0.15 
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The male component was subjected to a linear accelerat ion load curve. From 

rest, the accelerat ion increased to a peak of 1g (9.81 m/s 2) at a time of 10 s. 

Initially, the exterior nodes of the female component were constrained from all 

D O F s . The interior nodes of the female component were constrained from Y -

translation, Z-translation, X-rotation, and Y-rotat ion. In the male component, the 

exterior nodes were constrained from all D O F s except for X-translat ion and the 

interior nodes were constrained from Y-translat ion, Z-translation, X-rotation, and 

Y-rotation. This was considered to be consistent with the D O F constraints in the 

proposed physical model . 

At a time of about 4.5 seconds , the model became unstable as the male 

component started to sl ide past the female component , without generat ing any 

internal s t resses. Figure 4-7b shows the stress patterns in the male component 

as it separates from the female component. 

4.3.2 Model 2 (3d27-05b) 

Figure 4-8 shows Model 2 in its fully loaded state. The main changes introduced 

in this model were: 

• Contact sur faces 

• Increased accelerat ion of male part 

• New boundary condit ions for degrees of f reedom 
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A sliding-only contact surface was incorporated into this model to represent the 

static and dynamic friction present at the interface between the male and female 

components. 

• Static Coeff icient of Friction, | i s 0.75 

• Dynamic Coeff icient of Friction, \id 0.70 

The applied accelerat ion was doubled in this model to evaluate how the 

response would be affected. From rest, the accelerat ion increased to a peak of 

2g (18.62 m/s 2) at a time of 10 s. It was also dec ided to add a constraint to Y -

translation of the interior nodes in order to represent the confining action imposed 

by the adjacent dam blocks. 

Figure 4-8 a lso shows the internal horizontal stress contours at the maximum 

loading (t = 10s). The tensile s t resses (red) at the left side of the male shear key 

do not represent expected results. It is bel ieved that this resulted from the 

contact e lements on the left interface of the shear key. 

4.3.3 Model 3 (3d27-05c) 

Figure 4-9 shows Model 3 in its fully loaded state. The main change introduced 

in this model was the separat ion of the sliding contact surface from the 

compress ion contact surface. To ach ieve this, a surface-to-surface contact 

surface was used to model the compress ive surface at the front edge of the 

shear key. Figure 4-9 a lso shows the internal horizontal stress contours at the 
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maximum loading (t = 10s). The stress patterns at the right s ide of the male 

shear key are more realistic than those of previous models. 

4.3.4 Model 4 (3d27-08a) 

Figure 4-10a shows Model 4 in its unloaded state. The main changes introduced 

in this model were: 

• New geometry 

• Steel plate for application of load 

• New load curve 

• New contact surface 

The first change to the geometry of the model involved reducing the s ize of the 

elements. The elements in the male component were reduced from 3" x 3" (76.2 

mm x 76.2 mm) to 1" x 1" (25.4 mm x 25.4 mm); the elements in the female 

component were reduced from 6" x 6" (152.4 mm x 152.4 mm) to 1" x 1" (25.4 

mm x 25.4 mm). The second change involved removing a large sect ion of the 

shear key model . The third change involved addition of a load plate to the left 

side of the male component . 

The purpose of this plate was to accommodate a change from accelerat ion input 

to load input. This plate was modeled as a rigid material with properties similar 

to structural steel . 

• M a s s Density, p 7.83e3 k g / m 3 
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Young 's Modulus, E 2.07e5 M P a 

• Po isson 's Rat io, v 0.28 

The elements in the load plate component were 1" x 1" (25.4 mm x 25.4 mm). A 

surface-to-surface contact surface was used to model the interface between the 

load plate and the male component. The load plate was constrained from all 

D O F s except for X-translat ion, thus concentrating the load in the X-direct ion 

along the left surface of the male component. 

A linear load curve was used to apply this load, to a max imum of 1000N over 20 

seconds . This load was appl ied to the load plate in the X-direct ion. Figure 4-1 Ob 

shows the internal horizontal stress contours at the max imum loading (t = 20s). 

4.3.5 Model 5 (3d27-08b) 

Figure 4-11a shows Model 5 in its unloaded state. The main changes introduced 

in this model were: 

• New geometry 

• Increased load 

• New boundary condit ions for female segment 

In order to focus the attention of the analys is to the failure of the male 

component, all D O F s in the female component were constrained. A s a result, 

the lower sect ion of the female component was deemed unnecessary and was 

removed. 
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The peak load was a lso increased to 10000N over 20 seconds . Figure 4-11b 

shows the internal horizontal stress contours at the max imum loading (t = 20 s). 

4.3.6 Model 6 (3d27-010a) 

Figure 4-12 shows Model 6 in its fully loaded state. The main change in this 

model was the increase in the load. In an iterative process, the load was 

increased gradually over 6 models (3d27-09a to 3d27-09f) in search of a failure 

load. In Model 6, the load was increased to 20 M N over 20 seconds in the 

positive X direction. Figure 4-12 also shows the internal horizontal stress 

contours at the maximum loading (t = 20 s). It was predicted that there would be 

compress ion s t resses at the load plate interface and the compress ion interface at 

the right side of the shear key. However, the compress ion stress was 

concentrated at a certain point on the load plate interface, indicating there may 

have been some errors in the geometry. 

4.3.7 Model 7 (3d27-011b) 

Figure 4-13a shows Model 7 in its fully loaded state. In this model , the geometry 

was reconstructed in order to ensure there were no errors that could affect the 

results. A linearly increasing load of 20 M N over 10 seconds was appl ied to the 

left s ide of the male component. Figure 4 -13a also shows the internal horizontal 

stress contours just prior to the model exper iencing instability at t = 5 s. There is 

a visible difference from the previous model , as the stress patterns are more 

evenly distributed along both the interface of the load plate and at the 
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compress ion interface of the shear key. The peak tensile and compress ive 

s t resses at the right of the male shear key exceed 100 M P a . 

Figure 4-13b shows the model undergoing instability at t = 6s . The failure results 

in the load plate separat ing from the male component. A potential cause of this 

failure was the constraints appl ied to the load plate. 

4.3.8 Model 8 (3d27-001c) 

Figure 4-14a shows Model 8 in its fully loaded state. In this model additional 

constraints were added to the load plate, in order to prevent instability at higher 

loads. A s a result, the model could be loaded to the maximum load (20 MN) 

without any failure or instability. Figure 4 -14a also shows the internal horizontal 

stress contours at the maximum loading (t = 10 s). The resulting stress patterns 

are similar to those of the previous model , with the peak tensile and compress ive 

s t resses at the right of the male shear key exceed ing 500 M P a . 

Figure 4-14b shows a c lose-up diagram of the stress patterns at the area of 

expected S-crack propagation. One interesting observat ion from this figure is the 

discontinuity at the base of the shear key, where some overlap occurs between 

the male and female components . A potential reason for this overlap is the 

nature of the contact e lements used at this interface. 

125 



Chapter 4 Shear Key Study 

4.3.9 Model 9 (3d27-001d) 

In this model , the load protocol was increased to a linearly increasing load of 200 

M N over 10 seconds . The purpose of increasing the load by so much was to 

identify a failure load. Figure 4-15 shows the internal horizontal stress contours 

at the maximum loading before failure (t = 1.5 s). The resulting stress patterns 

are similar to those of the previous model , with the peak tensile and compress ive 

s t resses at the right of the male shear key exceed ing 800 M P a . 

4.3.10 Model 10 (3d27-001d2) 

Figure 4-16a shows Model 10 in its fully loaded state. The main change in this 

model was a reduction in load to 2 0 % of that used in the previous model (40 MN) 

over 10 seconds . This was decided because the previous model exper ienced 

failure at approximately 40 M N load. Figure 4 -16a also shows the internal 

horizontal stress contours at the maximum loading before failure (t = 8.5 s). The 

peak tensile and compress ive s t resses at the right of the male shear key exceed 

1000 M P a . 

Figure 4-16b shows a c lose-up of the stress patterns at the right of the male 

shear key. Aga in , there is visible overlap at the contact surface at the base of 

the shear key. 
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4.3.11 Model 11 (3d27-001d3) 

Figure 4-17a shows Model 11 in its fully loaded state. The main changes 

introduced in this model were: 

• Increased load 

• Changed contact surface to prevent separat ion 

In this model , surface-to-surface contact e lements replaced the sl iding-only 

contact e lements at the base of the shear key. To account for the expected 

increase in capacity, the load protocol was a lso increased to 80 M N over 10 

seconds . Figure 4-17a also shows the internal horizontal stress contours at the 

maximum loading (t = 10s). 

Figure 4-17b shows a c lose-up of the stress patterns at the right of the male 

shear key. The peak tensile and compress ive s t resses at the right of the male 

shear key are in the range of approximately 600 M P a . This is a reasonable 

result, as a large portion of the load is transferred to the contact e lements at the 

base of the shear key. This reduction of s t resses caused by the behavior at the 

base of the shear key might not be representative of actual condit ions. 
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4.4 SUMMARY 

In this exploratory study, a parametric sensitivity analysis involving finite-element 

modeling of shear keys was carried out. The LS-DYNA finite element software 

was used to model and to run analyses on the models. The shear keys of an 

existing dam in Mission, BC, served as the basis for this study. 

4.4.1 Summary of Sensitivity Analysis 

Five main parameters were the focus of the sensitivity analysis: 

1. Geometry 

2. Material Models 

3. Contact Elements 

4. Load Protocols 

5. Boundary Conditions 

4.4.1.1 Geometry 

The geometry for the first model (See Figure 4-7a) was based on the actual 

dimensions of the individual shear keys as presented in Section 4.1.2. There 

were two major changes in geometry during this study. The first change was 

implemented in Model 4 (See Figure 4-1 Oa), and involved reducing the size of 

the elements, removing a large section of elements, and adding a loading plate. 

The second change was implemented in Model 5 (See Figure 4-11a), and 

involved reducing the size of the female component. These changes were 
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implemented to improve the accuracy of the results and to optimize the speed of 

the analysis runs. 

4.4.1.2 Material Model 

Initially, an idealized linear elastic material model was used to represent the 

concrete material comprising the male and female shear key components. 

In later versions of the shear key model, various other material models were 

tested. 

• Concrete Damage: used to model concrete structures 

experiencing damage under extreme 

loading 

• Soil/Concrete: used to model various soil and concrete 

materials 

• Kinematic Hardening Cap: used to model the kinematic hardening cap 

for concrete subjected to external pressure 

However, the use of these material models led to errors in the analysis runs, and 

were not successfully used. A rigid material model was used to represent the 

loading plate, which was assumed to be comprised of structural steel, to simulate 

laboratory conditions in a physical experiment. 
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4.4.1.3 Contact E lements 

The first type of contact element used was for sl iding-only behavior between the 

master and s lave e lements in Model 2. In Model 3, a surface-to-surface contact 

element was introduced to model the different behavior at the compress ion 

portion of the contact surface. It was later found that the sliding contact sur faces 

exhibited separat ion under larger loading. However, s ince the shear keys are 

mostly confined from lateral separat ion due to adjacent dam blocks, this is not a 

reasonable result. A s such , the contact surface between the male and female 

components was changed to surface-to-surface contact e lements along the 

entire surface. Another surface-to-surface contact surface was introduced for the 

load plate added in Model 4. 

4.4.1.4 Load Protocols 

Initially, it was intended to test three load protocols for the shear key experiment. 

• Monotonic Loading 

• Cyc l ic Loading 

• Earthquake Loading 

However, due to the complexity of the finite element models , this was reduced to 

monotonic loading only to optimize the run time. 

At first, an inertial load protocol was appl ied to the model , by imposing a linearly 

increasing accelerat ion on the mass of the male component, while restraining the 
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female component. In the later models, a linearly increasing load protocol was 

applied to a loading plate on one side of the male component . 

4.4.1.5 Boundary Condi t ions 

The boundary constraints were initially set so that the male component would be 

free to move only in the X-translation direction only and the female component 

would be f ixed. The interior nodes of the male component were also free to 

rotate about the Z axis to consider the internal strains due to loading. 

The loading plate (added in Models 4 to 11) was free to move only in X -

translation, to ensure that the load imposed on the male component was 

unidirectional. In Model 5 (see Figure 4-11a), it was decided to constrain all 

D O F s in the female component , in order to reduce the s ize of the model and to 

isolate the failure mechan ism to the male component. This set of boundary 

condit ions was used for the models generated thereafter. 

4.4.2 Ana lys is Resul ts 

Figures 4-7 to 4-17 show the L S - D Y N A analytical output for Models 1 to 11. In 

the earlier models (Models 1-7), the stress patterns at the right s ide of the male 

component were inconsistent with those presented the shear key study by 

Kaneko as mentioned in Sect ion 4.1.3. In the more refined models (Models 8 to 

11), the stress patterns at the right side of the male component indicate a large 

coupl ing of compress ive and tensile s t resses. These stress patterns showed 
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good agreement with those presented by Kaneko , and were indicative of the 

cracking sequence from his experimental work. The large tensile stress 

concentration would be necessary to initiate propagation of the S-Crack . O n c e 

this cracking has occurred, the stress will be transferred to the predicted failure 

plane, along which M crack propagation, and eventual shear fracture will occur. 

132 



Chapter 4 Shear Key Study 

4.5 C O N C L U S I O N S 

The main purposes of this study were to examine stress patterns that develop in 

shear keys under applied loading and to evaluate the structural stability of these 

shear keys. The following can be concluded from this study: 

4.5.1 Regarding the Sensit ivity Ana lys is 

• The sensitivity analys is was successfu l ly carried out, as var ious material 

and geometr ic parameters were tested in order to refine the model . 

• The geometry of the latest model exhibited a c lose representation of the 

actual geometry of the shear keys. By adding the load plate to the left 

s ide of the model , it was possible to apply a uniform load representative of 

a typical monotonic load protocol. 

• Var ious material models were tested during this study. However, the 

more complex material models produced incoherent results. A s a result, a 

l inear-elastic concrete material model was used throughout the study. 

• Two types of contact e lements were used to represent the sliding surface 

between the male and female components. Optimal results were obtained 

by using a combination' of sl iding-only contact e lements along the 

horizontal sur faces of the interface and surface-to-surface contact 

e lements along the slanted compress ion surface of the interface. 

• A monotonic load protocol was used throughout the study. The peak load 

was gradually increased for the various models . 

133 



Chapter 4 Shear Key Study 

• The optimal configuration of nodal constraints was obtained for one of the 

intermediate models. In the stationary female component, all nodes were 

constrained from all D O F s . In the male component , the exterior nodes 

were constrained from all D O F s except for translation in the X-direct ion 

(the primary plane of motion); the interior nodes were constrained from all 

D O F ' s except for translation in the X-direct ion, and rotation in the Z -

direction. 

4.5.2 Regarding the Analyt ical Resul ts 

• The results from Model 10 (see Figure 4-16b) seemed to be the most 

realistic of all the models. 

• The stress patterns that develop in the shear keys under appl ied 

horizontal load are reasonable for loading prior to initial propagation of the 

S-Crack . 

• The S -Crack dominant stage of the expected cracking pattern in the shear 

keys presented by Bakhoum (1991) was successfu l ly modeled in this 

study. 
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4.6 R E C O M M E N D A T I O N S 

S o m e recommendat ions for future work on this topic are: 

1. Further investigation into the non-l inear and post-cracking behavior of the 

shear keys, by utilizing some of the more complex material models in the 

L S - D Y N A library. This may also be carried out by introducing cracks into 

the geometry of the shear key model where cracking is expected to occur 

for the various s tages of the expected cracking pattern. 

2. Further investigation into some of the other contact element types 

avai lable in the L S - D Y N A library. One of the potential sources of error in 

the results was the consistency of the contact sur faces. 

3. Expanding the analysis to included cycl ic loading and earthquake loading. 

4. U s e of another finite-element software program to provide alternative 

results for compar ison purposes. 

5. Real izat ion of a physical experiment to compliment the analytical results. 
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FIGURE 4-1 a: ANSYS FEM Model of Ruskin Dam: Isometric View 

A N S Y S 
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FIGURE 4-1 b: ANSYS FEM Model of Ruskin Dam: Plan View 

Graphics PlDlSP.O 

ANSYS 
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FIGURE 4-2a: Load Sharing Summary: 0.56g Chapter 4: Shear Key Study 
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Chapter 4 Shear Key Study 

FIGURE 4-3: Typical Cross-Section of an Interface between Blocks 
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Chapter 4 Shear Key Study 

FIGURE 4-4a: Shear Key Cracking Sequence 
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FIGURE 4-4b: Shear-off Fracture Sequence of (a) Observed Cracks; (b) 
Idealized Cracks 
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Chapter 4 Shear Key Study 

FIGURE 4-5a: Kaneko Physical Experiment: Orientation of Shear Keys 
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FIGURE 4-5b: Kaneko Physical Experiment: Observed Cracking 
Pattern 
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Chapter 4 Shear Key Study 

FIGURE 4-6a: Kaneko FEM Experiment: Orientation of Shear Keys 

FIGURE 4-6b: Kaneko FEM Experiment: Observed Cracking Pattern 
for Vertical Displacement of (a) 0.3 mm, (b) 0.4 mm, (c) 
0.58 mm 
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Chapter 4 Shear Key Study 

FIGURE 4-8: Model 2, t = 10 s 

PostGL 1.0N File: D:\ProjectsUarnes - Shear Key Study\3d27 05b\d3plo1 a ® ® 

• 9 I ^ G G G ^ G G O L L L i k W i V * . i * L x 

LS-DYNA USER INPUT 

S T E P 15 TIME = 1 0000001E+001 

Animation Options 
[ Popup ]- < Click right mouse button for additional options > 
Advance Frame 
(i ]- Click graphics screen to advance frame 

Current Visual | Layer 0 ^] Shade Model 

Playing Result.. Click stop or Cancel/End to stop play 

146 

file://D:/ProjectsUarnes


Chapter 4 Shear Key Study 

FIGURE 4-9: Model 3, t = 10 s 
PostGL 1.0N File: D:\ProjectsUames - Shear Key Study\3d27-O5c\d3plot 
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Chapter 4 Shear Key Study 

FIGURE 4-1 Oa: Model 4, t = 0 s 
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Chapter 4 Shear Key Study 

FIGURE 4-10b: Model 4, t=10s 
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Chapter 4 Shear Key Study 

FIGURE 4-11b: Model 5, t = 10 s 
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Chapter 4 Shear Key Study 

FIGURE 4-12: Model 6, t = 20 s 
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Chapter 4 Shear Key Study 

FIGURE 4-13a: Model 7, t = 5s 
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Chapter 4 Shear Key Study 

FIGURE 4-13b: Model 7, t = 6 s 
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Chapter 4 Shear Key Study 

FIGURE 4-14a: Model 8, t = 10 s 
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Chapter 4 Shear Key Study 

FIGURE 4-14b: Model 8 at Location of Stress Concentration, t = 10 s 
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Chapter 4 Shear Key Study 

FIGURE 4-15: Model 9, t = 1.5 s 
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Chapter 4 Shear Key Study 

FIGURE 4-16a: Model 10, t = 8.5 s 

PostGL 1 .ON File: D:\ProjectsVJames - Shear Key Study\3d27-001 d2\d3piot 
Pfc Ed*. View 

|4>l»| > H - M 4 | * * | * l 9 | * W 0|&|©KI@|Q|0|LjlLjlLj|fel q . K l t t | * | x | 
LS-DYNA USER INPUT 
STEP 18 TIME • 8 4999971E+000 

1.0000E+O3 
900.000000 
800 000000 
700.000000 
600.0000001 

VB.avmaaaafataaiaaia 

taiiiiiiiiiiiii 

••vavmvmimvBvavmvmvmvmvmvavmvmvmvmvmvmvmT 
avavavavavavAvm«avmvBvmvmvmvmvmvmvmv«vj<vm 

mvaVbv*vav*vavaw«vmvH*avavmvavmvji.vav*va¥ 

mvavavmvmvmvmvm ***********i 

• i i i i t i i f i m 

i B i B a a i a i a a i a a a a a a a i a a c a a a a a i a i a a i a i a i a i a a a a a a a i i B . a i B a i a i B i a a a a a a a a a i a a a a a a i a a a a a a a a a B a a a a a a a a a a a i •••••••••••••••••a 

000000 
000000 

000000 
) 000000 
1 000000 

III ill Mil IIIII 

000000 

-700 000000 
-880 000000 
900.000000 L 
l l l l l l l l l l l l l l l l i l lL 

Control Options 

I Continue 

Advance Frame 

Reverse Frame 

OFF/ON by Name 

OFF by mouse 

Reject ON/OFF 

Wire by mouse 

Wjre by name 

Reject wire 

Frame Rate 

Stop 

Playing Result.. 

Advance Frame 
[ i ]- Click graphics screen to advance frame 
Reverse Frame 
[ i ]- Click graphics screen to reverse frame 

Current Visual | Layer 0 ^] Shade Model | CanceliEnd~| | 

Click stop or Cancel/End to stop play 

158 

file://D:/ProjectsVJames


Chapter 4 Shear Key Study 

FIGURE 4-16b: Model 10 at Location of Stress Concentration, t = 8.5 s 
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Chapter 4 Shear Key Study 

FIGURE 4-17a: Model 11, t = 10 s 
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Chapter 4 Shear Key Study 

FIGURE 4-17b: Model 11 at Location of Stress Concentration, t = 10 s 
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Chapter 5 Conclusions 

Chapte r 5 

C o n c l u s i o n s 

5.0 C O N C L U S I O N S 

Three independent studies regarding dam safety were presented in this thesis. 

This chapter presents a summary of the main conc lus ions from each of these 

three main studies. More thorough conclus ions for each study are presented at 

the ends of Chapters 2 - 4 of this thesis. 

5.1 Dam-Gate Hydrodynamic Interaction Study 

A modal analysis of a 2 D O F simplified model representing a portion of a gravity 

dam structure was successfu l ly carried out. The main purposes of this study 

were to evaluate the effect of dam-gate interaction on the hydrodynamic loads 

and to evaluate the effect of varying the natural f requency of the gate. The main 

conc lus ions from this study are as fol lows. 

• The method presented by Ko lkman is useful for consider ing the dam-gate-

reservoir interaction in the formulation of hydrodynamic loads. 

Converse ly , the methods presented by Westergaard and Zangar do not 

consider the relative response of the gate to the dam. The hydrodynamic 

loads formulated by the Kolkman method are consistent with those 

formulated by the Zangar method. Th is was verified by formulating the 

hydrodynamic loads for the case of an infinitely rigid dam structure. 
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Chapter 5 Conclusions 

• The hydrodynamic load for the extreme gate rigidity case was equal to 

that computed for the Kolkman Rigid Gate case . 

• The peak hydrodynamic load occurred at resonance, when the gate 

frequency was equal to the dam frequency [f = fd). 

• A s the f requency was shifted towards extreme flexibility, the hydrodynamic 

load asymptotical ly approached a value less than that computed for the 

Kolkman Rigid Gate case . 

• For the case of the actual gate f requency [fg=lAHz), the total 

hydrodynamic load was approximately the average of the Ampli f ied 

Zangar and the Rig id-Gate Kolkman hydrodynamic loads. 

• Most importantly, it is possible to decrease the hydrodynamic loads on the 

gates by decreas ing the natural f requency of the gate to beyond the 

natural f requency of the dam; ie. by increasing the flexibility of the gate 

sys tem. 

5.2 Damping Study 

A n analytical study involving the Hal f -Power Bandwidth method of estimating 

damping in concrete gravity d a m s was performed successful ly . The objectives of 

this study were to test this method of evaluating structural damping and to 

recommend a reasonable est imate of structural damping in concrete gravity 

dams. The main conc lus ions from this study are as fol lows. 

• The damping va lues were found to be much lower than expected (less 
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than 2%) and therefore, unrepresentative of the actual damping present in 

the concrete gravity dams analyzed in this study. 

• The main problem was the identification of natural f requencies, or peaks in 

the F R F plots, s ince the only peaks selected for analysis were tall, sharp 

peaks, representative of components of the structure with little or no 

damping. Alternatively, the shorter, broader peaks did not extend past the 

upper envelope of the F R F plots, and therefore were not easi ly 

identifiable. 

5.3 Shea r Key Study 

A n analytical study involving the finite-element model ing of a shear key system 

was performed. The main purposes of this study were to examine stress 

patterns that develop in shear keys under appl ied loading and to evaluate the 

structural stability of these shear keys. The main conclus ions from this study are 

as fol lows. 

• The stress patterns that develop in the shear keys under appl ied 

horizontal load are reasonable for loading prior to initial propagation of the 

S-Crack . 

• The max imum shear stress on the shear keys subjected to M D E loading is 

2 . 0 M P a , which is less than the tensile strength of concrete. If the tensile 

strength of concrete (about 4.0 - 5.0 MPa) governs the resistance to 

failure, this provides a safety factor for the shear keys of approximately 2, 
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provided that the shear stress is distributed evenly across the shear keys 

at the interface between blocks. 
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Chapte r 6 

R e c o m m e n d a t i o n s 

6.0 R E C O M M E N D A T I O N S 

This chapter presents a summary of the recommendat ions from each of these 

three main studies. 

6.1 DanrirGate Hydrodynamic Interaction Study 

1. Ana lys is using a more detailed ful l-scale 3-D model of a dam, to account 

for load sharing between dam blocks and the 3-D effects on the 

hydrodynamic loads. 

2. More detailed computational analysis by means of Fini te-Element Ana lys is 

software. This would entail an expans ion of the 2 D O F model to a more 

complex M D O F model . 

6.2 Damping Study 

1. Investigation into other methods of calculat ing or approximating damping 

for complex structural sys tems ( M D O F ) . 

2. More detailed numerical analysis to al low for eas ier identification of natural 

f requencies in the F R F plots. It is possible that a more extensive 

analytical filtration of the raw data is necessary to allow for acquisit ion of 

the desired results. 

3. Complementary structural analysis (Finite Element Modeling) to provide 
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additional verification of the damping formulation methods. This would 

require creating a 3D model given some initial damping value, applying a 

ground motion, analyzing the responses of the base and crest locations, 

plotting the F R F , identifying possible natural f requencies, estimating the 

damping, and compar ing the resulting damping with the damping initially 

entered in the model . 

6.3 Shea r Key Study 

1. Further investigation into the non-l inear and post-cracking behavior of the 

shear keys, by utilizing some of the more complex material models in the 

L S - D Y N A library. This may also be carried out by introducing cracks into 

the geometry of the shear key model where cracking is expected to occur 

for the var ious s tages of the expected cracking pattern. 

2. Further investigation into some of the other contact element types 

avai lable in the L S - D Y N A library. One of the potential sources of error in 

the results was the consistency of the contact sur faces. 

3. Expanding the analys is to included cycl ic loading and earthquake loading. 

4. U s e of another finite-element software program to provide alternative 

results for compar ison purposes. 

5. Real izat ion of a physical experiment to complement the analytical results. 
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Appendix A 2D0F Modal Analysis Worksheet 

A p p e n d i x A 

2 D 0 F Modal A n a l y s i s W o r k s h e e t 

Figure 2-4 shows the Excel worksheet used to carry out the 2DOF modal 

analysis calculations. This section will explain the calculations carried out in this 

worksheet. 

2DOF Gate Hydrodynamic 
10% Critical Damping 
Basic Information 

(Gate) 

Evaluation o( Added mass due to movemenl of dam and gate 

Geometric Amplification 
DOF 1 Gate Mass: 

[ 

Gate Stiffness: 
I" 

Dam Mass: 
r 

Dam Stiffness: 

| 5.18E+05~]><N/m 

19643.3 jtonne 

Gate Hydrodynamic Mass: 
Mo 

Gate Frequency: 
without added j2̂ s 
Dam Hydrodynamic Mass: 

Ma 
Dam Frequency: 
without added mass 

| 206 93 ~]tonne 

20.75 Hz with added mass 

| 9425.01 ~|tonne IV 

3.71 Hz with added mass 

507.07 ] 

7.1000 

Mass Matrix: 
•"•37. 

507.1 
29068.3 

Stiffness Matrix: 
M 175E»05 -1.663EKJ6 

663E+06 6.420E+07 

det[k - (,̂ !m] = 0 
(klt - G\,2mM)(kre - u*,2m„) - (k,;-cî r 
a>.2 + b\ + c = 0 

Modal Expansion Factor, L 
m) = 0 L I 1 

0.004337575 
-7 5665E-05 

64 3 2 
10780.0 

a f 

-~+—Mode-1 
gate 

-•-Mode -2 
dam 

a 6.70E + 06 detM 
b -3.21E+10 cross determinant 
c 3.05E + 13 detK 

N| m (-b- (b' 4ac)"')/2a 
\2 > (-b * (b' - 4ac),,2)/2a 

Mode 1 1304 rad/sec' 
Mode 2 Xj 3.49E+03 rad/sec' 

Mode Shapes: 
Modal |k-l,m] 2.05E*05 -2.32E*06 

-2 32E<-06 2.63E*07 
Delerminant OOOEtOO 

Mods 2 
|k - l2m| -3.17E+05 -3.43§XS& 

-343E*06 i>flE*07 

J.84E- 12 
S84E- 12 

9.24E- 12 
9.24E- 12 

Eigenvectc 

E 
Eigenvectc 1.000 

-0092 

Participation Factors: 
Mode 1 
Mode 2 

Elevation Mode 1 Mode 2 
42 ijLe 1.000 
35 0.1*1 -0.092 
0 0 0 

30 5 
0.0 

673.68 
30423.32 

062 
1 04 

u.uau 

0.088 

-0 092 

-0092 

239.4 
507 1 
2394 
507.1 
239.4 
507 1 
239.4 
507 1 

0.910 9 8.93 m/sec' SV, 0.247 m/sec 
0.730 9 7.16 m/sec' SV, 0.121 m/sec 
0.540 9 530 m/sec' 

Response Quantities: 
Mode 1 Displacements 

0.0414 m 
0.0037 m 

-0.0111 m 
0.0010 m 

'Accelerations 

A,, 

** 

ft m/sec' 
m/sec' 
m/sec' 
m/sec' 

Use these values to (ind mode-1 and mode-
Icould scale and add from dam only and gati 
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A Defining the Mass and Stiffness Parameters 

The first step was to determine the basic mass and stiffness parameters of the 

dam and gate. The mass of the dam and gate, mdX, mgX, were obtained from 

structural information of Ruskin Dam. The hydrodynamic added mass terms, fidX, 

fidl, jugX, jug2, were determined from the Kolkman spreadsheet, given the 

acceleration output in part H. The gate stiffness, kg, was obtained from a 

complimentary study performed by BCHydro. The dam stiffness, kd, was 

calculated as follows, given the dam frequency of 7.1Hz. 

/ , = — | * ' = 7 . l i f e 

kd = [2/r(7. IHz)]2 (l 9643 + 9425 + 507) = 58.9 x 10 6 kN/m 

B Setting up the Mass Matrix 

As stated in Section 2.2.2.5, the mass matrix used in the 2DOF modal analysis, 

[m*], consists of a structural mass component, [m], and a hydrodynamic mass 

component, . The composite mass matrix consistent with the worksheet has 

the form: 

jugl a2md+judK 

C Setting up the Stiffness Matrix 

As stated in Section 2.2.2.5, the stiffness matrix used in the 2DOF modal 

analysis, [k *], has the form: 

mg 

0 a2mA 

+ Vg2 Vd2 
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k = 
-akg a2kd* 

D Determining the Natural Frequencies 

Given the mass and stiffness matrices, the next step is to solve the characteristic 

equation of the system. 

det[[yt]-U][m*]] = 0 ( 2 - 2 7 ) 

Solve the eigenvalues, \ and A 2 , which can be used to calculate the natural 

frequencies for the two modes of the system. 

(Dx = -

co2 = 
2k 

E Determining the Natural Frequencies 

Replace the eigenvalues, \ and X2, back into the formal solution to solve the 

eigenvectors: 

ff*]-A1h*Ito=0 (2-28A) 

[ M - ^ 2 M k = 0 (2-28/3) 

Where ^ and <f)2 are the eigenvectors representing the mode shapes for modes 

1 and 2, respectively. 
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F Determining the Participation Factors 

Given the eigenvectors, the next step is to calculate the modal participation 

factors: 

<f>{ m* L* 
i = ~TT 

0I m*^ 

<p2 m*L* 
2 = —71 

( 2 - 2 9 a ) 

(2 - 29b) 
<p2 m* (f)2 

G Determining the Modal Expansion Factor 

The calculation ofthe new modal expansion factor is explained in Section 2.2.2.5. 

Given the equation of motion for the basic mass matrix, 

[m)[u]+[klu) = ArnlL]u0-Fexl (2-23b) 

The next step is to formulate an equation of motion for the composite mass 

matrix, [m*] 

[m *lu] + [k\u] = -[m *\L *)u0 (2 - 29) 

Where: 

[m*][L*] = [m][L] + 
$P0y/2dz 

solving ->[L *] = [m *]" [m][L} + i"oi ( 2 - 3 0 ) 

H Calculating the Output Accelerations 

Then, given the spectral accelerations from the UHRS, the modal accelerations 
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for the two degrees of freedom can be computed: 

[A^SAfM (2 - 3 0 a ) 

[A2] = SA2rM ( 2 -306 ) 
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Appendix B 

MathCAD Numerical Analysis Worksheet 
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Date: 02/06/2005, 

•S3 Sec"" rvn , - -

Data Units: 

Description of Test Article Record: 

Description of this dataset: Jp^dei 

Define dataset of ambient vibration records to be processed 

Directory of files: dir := "" 

Sub-directories: 

Name of file with test data : 

Test Data File: T D F := concat(dir, concat(test, c o n c a t ( D A T A , ".rtf"))) 

Verify path and filename: 

T D F = "\rtf files\detroit dam - 93sm - accrtf' 

Output Data File: O D F := concat(dir, concat(test, c o n c a t ( D A T A , "scprn"))) 

Read file and get size of array in the file and set time increment 

Sampling rate used: QBBBKS w n i c n corresponds to: A := sr 1 

Nr := rows(AVD) ==> Total number of points: Nr = 6309 

C : = c o l s ( A V D ) ==> Total number of channels: C = 9 

j := 0.. C - 1 i := 0 . N r - 1 

The duration of each record is: T : = A ( N r - 1 ) which gives T = 31.54 

'ation Data" 

A = 0.005 

C o l m j := m a x U A V D Find largest value recorded 

Column with Base Displacement: 

Store record and remove linear trends: 

Column with Remote Displacement: 

Store record and remove linear trends: 

Display the entire records: 

Base Acceleration 

B A : = detrend A V D ( A V D < b a C > ) 

R A : = detrend I A V D ( A V D ( r a C > ) 

0 150 

m 100 

§ 50 

1 o 
IS - 5 0 

| " 1 0° 
o - 1 5 0 
< 0 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Time (sec) 

CNJ 
I, 150 
CD 

100 

(c
m

 

50 

c 0 
o 

0 

ra - 5 0 

CD 
- 1 0 0 

o 
o - 1 5 0 
< 

Remote Acceleration 

i ! 

• > » > » W » M < I H i » l i M I 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Time (sec) 
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Date: 02/06/2005 

Select portion of records that will be processed: 

WR Ending Time of Interval: 

Page 

Starting Time of Interval: T1 := 0 

T s := T2 - T1 

Extract Segments from Records 
and remove linear trends: 

B A S r := B A r + N 0 B A S := detrend(BAS) 

which have a duration of Ts = 31.54 

T s 
N1 := — + 1 

A 

T1 

==> N1 = 6309 r:= 0.. N1 - 1 

NO := — ==> NO = 0 
A 

and R A S r : = R A r + N 0 R A S := detrend(RAS) 

Portion of the Records to be Conditioned 

15 

r-A 
Time 

20 25 30 

Compute Power Spectrum for each signal and display it: 

No. of overlapping segments (>2): nos := 2 Overlapping factor (0<of<1): Smooth factor: 

P S B A := movavg(pspectrum(BAS, nos, of), sm) P S R A := movavg (pspectrum(RAS, nos, of), sm) 

length ( P S B A ) = 6245 k:= 0.. 0 .50 length(PSBA) Af := [(length ( P S B A ) - 1 ) A ] 

Af = 0.032031 

1 

Power Spectra of Selected Segments 

1 -10' 

5 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Frequency (Hz) 
Base 
Remote 
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Set bandpass filter: 

We'll use a bandpass filter with NB coefficients, designed with a Hanning window, and select the right 
cutoff frequencies. 

Choose a window: setwindow(4) = 4 (this is a Hanning window) Choose the number of coefficients: NB := 40 

Choose low-frequency cutoff: E333I~~ > f1 := F L A Choose high-frequency cutoff:QQ^^j ==> f2 := F H A 

Find FIR filter coefficients fir := bandpass(f1 , f 2 , N B ) 

Filter the quantized signals using the response function, then compute their PS: 

BASf := response(BAS, f ir , N1) and P S B A f : = movavg(pspectrum(BASf, nos, of), sm) 

RASf := response ( R A S , fir, N1) and P S R A f : = movavg(pspectrum(RASf, nos ,o f ) , sm) 

Plot the filtered and the original signals: B A S f ^ : - 0 ( R A S f ) N 1 := 0 length (BASf) = 6310 

Filtered & Original Base Records 

150 
Filtered & Original Remote Records 

Shake Table P S D Test Article P S D 

6 8 10 12 14 16 18 20 22 24 26 28 30 

Frequency (Hz) 

After filtering 

Before filtering 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Frequency (Hz) 

After filtering 
Before filtering 

Compute F R F , Phase Angle, Coherence and Cross-Spectrum: X := BASf Y := R A S f 

180 



D a t e : 0 2 / 0 6 / 2 0 0 5 P a g e 4 
Spectral Ratios Subroutine Calculations: 

De le te s o m e a r r a y s : 

tab le := 0 P S B A f := 0 
P S R A f := 0 

C a l c u l a t e c o n t i n u o u s 2 - s i d e d A u t o S p e c t r a a n d C r o s s S p e c t r u m for X a n d Y : 

T s T s T s 
G x x := p s p e c t r u m ( X , n o s , of) G y y := p s p e c t r u m ( Y , n o s , of) G x y := c s p e c t r u m ( X , Y , n o s , of) 

Tt 7t 71 

C a l c u l a t e T r a n s f e r F u n c t i o n , C H x y , C o h e r e n c e , C O x y , a n d P h a s e A n g l e , ij>, : 

( ^ 
G x y 1 

H x y := m a g Hxyrj := 0 F R F := m o v a v g ( H x y , s m ) F R F o := 0 
l ^ G x x J 

C O H x y := c o h e r e n c e ( X , Y , n o s , of) C O := m o v a v g ( C O H x y , s m ) 

180 

P H := p h a s e ( G x y ) <J> := m o v a v g ( P H , s m ) Q>0 ;= 0 
it 

S N R 1 := s n r ( X , Y , n o s , of) S N 1 := S N R 1 S N 1 0 : = 0 S N R := m o v a v g ( S N R 1 , s m ) 

X S := m o v a v g ( m a g ( G x y ) , sm) 

length ( F R F ) = 6 2 4 6 j := 0 . . 0 . 5 0 l e n g t h ( F R F ) Af := [ ( length ( F R F ) - 1 ) A ] ~ 1 ==> Af = 0 . 0 3 2 0 2 6 
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D a t e : 0 2 / 0 6 / 2 0 0 5 
RESULTS FOR ANALYSIS OF DATA FOR: 

D T A = "Detro i t D a m , O r e g o n - 1 9 9 3 S c o t t s Mil l - U S D S " 

f rom da tase t : T D F = "\rtf f i les\detro i t d a m - 9 3 s m - acc.r t f " 

F r e q u e n c y r a n g e (in H z ) to b e d i s p l a y e d ( F 0 = m i n i m u m , F H = m a x i m u m ) : F 0 := 0 

P h a s e a n g l e (deg) 

P a g e 5 

F H : = 10 

1 

0.75 

0.5 

0.25 

0 

A 
4 

I: 

L 
i 
I . 

• 

5 9 9.5 10 

1 -10 

1 -104 

1 -103 

100 

10 

1 

0.1 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 
Frequency (Hz) 

, C r o s s - S p e c t r u m 

3.5 9 9.5 10 

I \1 " "F •' I 
I KluJt ! i f 

p n 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 
Frequency (Hz) 

- C r o s s S p e c t r u m 
- P S B A f 
- P S R A f 
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